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telescope operated successfully during a 227 hr flight over Antarctica in December 2010 and again during a
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and 2012 flights, both launched from the Williams Field Long Duration Balloon (LDB) facility near
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ABSTRACT
THE BALOON-BORNE LARGE APERTURE SUBMILLIMETER TELESCOPE
FOR POLARIMETRY (BLAST-POL)
Francesco “Elio” Angile`
Mark J. Devlin
The Balloon-borne Large Aperture Submillimeter Telescope for Polarimetry
(BLAST–Pol) is a suborbital mapping experiment designed to study the role of mag-
netic fields in star forming regions. BLAST–Pol utilizes 280 bolometric detectors
to image the sky in three wavebands centered at 250, 350 and 500µm with a 1.8 m
Cassegrain telescope. BLAST–Pol was reconfigured from the BLAST telescope by the
addition of linear polarization capability. The combination of high sensitivity, sub-
arcminute spatial resolution, and fast mapping speed makes BLAST–Pol a crucial
bridge between the large area but coarse resolution polarimetry provided by experi-
ments such as Planck, and the high-resolution but small areas observable with ALMA.
The telescope operated successfully during a 227 hr flight over Antarctica in December
2010 and again during a 300 hr flight in December 2012. This report concentrates
on the instrument’s performance during the 2010 and 2012 flights, both launched
from the Williams Field Long Duration Balloon (LDB) facility near McMurdo Sta-
tion in Antarctica, which resulted in degree-scale polarization maps of several nearby
molecular clouds.
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Chapter 1
Introduction
Understanding the details of star formation is a key goal of contemporary Astro-
physics. Despite the significant progress made in recent years, many fundamental
questions remain unanswered [McKee and Ostriker, 2007]. For instance, it is well
known that stars form in the dense molecular gas clouds found in the cold Interstel-
lar Medium (ISM) where a small fraction of the particles are ionized by cosmic rays
which provides coupling between the cold gas and the ambient interstellar magnetic
field. Molecular clouds have lifetimes longer than their free-fall collapse times so there
must be external support against gravitational collapse. Magnetic fields and turbu-
lence are the two key ingredients known to be present in the star formation process but
their relative importance is hotly debated. According to one view, strong magnetic
fields provide support and magnetic pressure that works against gravitational collapse
[Mouschovias, 1991, Mouschovias and Ciolek, 1999, Shu et al., 1987]. However the
advent of large scale numerical simulations [Mac Low et al., 1998, Stone et al., 1998]
has lead to a new point of view, one in which the ISM is dominated by turbulent
1
flows rather than static magnetic fields, in which molecular clouds are an intermit-
tent phenomenon, and in which the magnetic fields are too weak to provide support
against gravitational collapse, and in fact may help speed collapse by transporting
angular momentum away from the inchoate star by Alfve`n waves [Mouschovias and
Paleologou, 1986, Mac Low and Klessen, 2004]. Recently, a hybrid picture has been
proposed in which both turbulence and magnetism play important roles [Nakamura
and Li, 2005, 2008, Kudoh and Basu, 2011].
The importance of magnetic fields was first suggested as early as 1956 [Mestel
and Spitzer, 1956] and subsequent theoretical studies suggest that they play an im-
portant, even crucial, role in the star formation process in Giant Molecular Clouds
(GMCs). But the difficulty in observing magnetic fields within dusty molecular clouds
comprising star forming regions in the Galaxy [Crutcher, 2004b, Whittet et al., 2008]
has made it impossible to establish observations of the role played by magnetic fields
(Figure 1.1).
Zeeman splitting of molecular lines has provided the only direct measurements of
the magnetic field strengths [Crutcher, 1999]. But detections are sparse and limited
to the brightest regions [Ward-Thompson et al., 1994, Crutcher and Osei, 2010, Fal-
garone et al., 2008]. In addition, Zeeman splittings provide a measure of only the
line of sight component of the magnetic field, while the average field requires optical
polarimetry which is not possible in these regions of high extinction. To understand
the role played by magnetic fields in star formation it is essential to obtain a more
statistically valid sample of magnetic-field data.
A promising method for probing star forming fields, is far-IR, Submillimeter po-
larimetry [Hildebrand et al., 2000, Ward-Thompson et al., 2000, 2009]. The thermal
2
emission from asymmetric dust grains is linearly polarized because the dust grains
align with the local magnetic field. The detected radiation yields a measure of the
plane-of-the-sky component of the magnetic field [Lazarian, 2007]. Although obser-
vations of the polarization emission do not provide a direct measure of the magnetic
field strength, the Chandrasekhar & Fermi (CF) method [Chandrasekhar and Fermi,
1953] can be used to derive the field strength in the diffuse ISM by the analysis of
the small-scale randomness of magnetic field lines.
Recent observations from ground based telescopes like the Submillimeter Po-
larimeter For Antarctic Remote Observing (SPARO) [Novak et al., 2003] and the
Submillimeter Common-User Bolometer Array (SCUBA) polarimeter [Murray et al.,
1997, Greaves et al., 2003] show that extended submm emission from giant molecular
clouds is indeed polarized [Ward-Thompson et al., 2000, 2009, Li et al., 2006]. These
polarization studies, however, are limited providing only a few tens of vectors in re-
gions like Carina Nebula or G333 [Li et al., 2006]. They provide no direct measure of
magnetic field strength and they only probe the projection of the magnetic field into
the plane of sky
We have built and flown a balloon-borne submm observatory, designed to mea-
sure polarized dust emission from nearby star forming regions by observing at several
hundred microns, a wavelength range that is not available from the ground. BLAST–
Pol was designed to address important Galactic questions regarding the role that
magnetic fields play in the star-formation process. By providing maps of magnetic
fields, BLAST–Pol is the first submm polarimeter with both sufficient mapping speed
to trace fields across entire GMCs and sub-arcminute spatial resolution to trace the
field at the scale of dense filamentary substructure and molecular cores. The experi-
3
Figure 1.1: View of the Eagle nebula, a stellar Nursery in the Rosette Nebula. It
combines data from almost opposite ends of the electromagnetic spectrum. Herschel
captured longer-wavelength, or far, infrared light, and the space telescope XMM-
Newton imaged X-rays. Image credit: ESA/Herschel/PACS/SPIRE/Hill, Motte,
HOBYS Key Programme Consortium; X-ray: ESA/XMM-Newton/EPIC/XMM-
Newton-SOC/Boulanger. The inset is a zoom-in picture of the “Pillars of Cre-
ation”, as seen by NASA’s HST in 1995. Molecular clouds are opaque to optical
light and this is only a picture of the exterior of the cloud. In order to image the
internal structures observations must be made in longer wavelengths. Image credit:
NASA/ESA/STScI/Arizona State University.
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ment provides a crucial bridge between the Planck all-sky polarization maps with 5′
resolution and the Atacama Large Millimeter/submillimeter Array (ALMA)’s resolu-
tion (0.01′′), but with only a ∼20′′ field of view.
The Balloon-borne Large Aperture Submillimeter Telescope (BLAST) [Pascale
et al., 2008] was a suborbital experiment designed to conduct confusion-limited, wide-
area extragalactic and Galactic surveys at submm wavelengths to study the evolu-
tionary history and processes of star formation.
The BLAST continuum camera consists of 280 detectors distributed between three
arrays and observes simultaneously in broad-band (30%) spectral-windows at 250, 350
and 500 µm. The 1.8 m Ritchey-Chre´tien telescope provides resolutions of 36, 42,
and 60′′ from 250 to 500 µm respectively. BLAST is a forerunner of the Spectral and
Photometric Imaging Receiver (SPIRE) [Griffin et al., 2010] on the 3.5 m Herschel
space observatory with which it shared similar focal plane technology and scientific
goals.
Prior to the launch of Herschel, BLAST made three flights. A 24 hr test flight
from Fort Sumner (NM), and two long-duration science flights from Kiruna, Sweden
in 2005, and from Antarctica in 2006. The BLAST telescope has left a legacy of
important science results. It provided the first deep, wide area maps at 250, 350 and
500 µm bands that are very difficult or often impossible to observe from even the
best ground based sites in the world. Some science highlights include measurements
of the Far-infrared (FIR) background at 250, 350 and 500 µm, including a 0.8 deg2
confusion-limited map in the Great Observatories Origins Deep Survey (GOODS)
South region, where it was shown that more than half of the far-infrared background
light originates in galaxies at redshift >1.2 [Devlin et al., 2009, Pascale et al., 2009],
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the first determination of deep, extragalactic number counts at these wavelengths
[Patanchon et al., 2009], the detection of clustering in the FIR background [Viero
et al., 2009], three-band resolved submm images of several nearby galaxies [Wiebe
et al., 2009], and the determination of luminosities, masses and temperatures of more
than a thousand compact sources in the Vela Molecular cloud, which may form into
stars [Netterfield et al., 2009].
The BLAST multi-band photometer was re-configured as a polarimeter after the
deployment of Herschel. With the addition of a polarizing grid in front of each of
the 280 feed horns and a stepped Achromatic Half Wave Plate [Moncelsi et al., 2012],
BLAST–Pol is a uniquely sensitive instrument for probing linearly polarized Galactic
dust emission.
The primary scientific goal of BLAST–Pol is to understand the details of star
formation by addressing three key questions discussed in [Fissel et al., 2010]: (1) Is
molecular core morphology and evolution determined by large-scale magnetic fields?
(2) Do filamentary structures have a magnetic origin? (3) What is the field strength,
and how does it vary form cloud to cloud?. The BLAST–Pol maps will allow us
to make the first detailed comparison between observed molecular cloud magnetic
field maps and synthetic maps derived from numerical simulations [Ostriker et al.,
2001], hence enabling detailed observational tests of theoretical Magnetohydrody-
namic (MHD) models of star formation. Recent observations show that the extended
submm emission from molecular clouds is indeed polarized, [Li et al., 2006, Ward-
Thompson et al., 2000, 2009] and BLAST–Pol preliminary data is in good agreement
with some of these early results.
BLAST–Pol has made two flights to date from the Williams Field LDB facility
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near McMurdo Station in Antarctica on December 27, 2010 and December 25, 2012.
The 2010 flight suffered from a number of instrumental issues that degraded its per-
formance. Nevertheless, in this 9.5 day flight, BLAST–Pol acquired 270 hr of data on
Galactic targets (summarized in Table 5.1). The second BLAST–Pol science flight in
December 2012 addressed all the issues from the 2010 flight. Despite the failure of
several solid state hard drives (which resulted in the loss of star camera pointing on
day six) we were able to conduct deep observations of the Vela C region and Lupus I,
as well as a wide survey of Puppis. A summary is reported in Table 5.3.
Analysis of three target regions has been successfully completed: Vela C , Lu-
pus I, and the bright calibrator, Carina Nebula. Our results are consistent with
those obtained using SPARO at the South Pole station [Li et al., 2006]. We detect
coherent polarization at the level of a few percent for most sight lines, providing valu-
able new information on the large–scale polarization properties of these Gould Belt
star-forming clouds.
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Chapter 2
Magnetic Fields in Giant
Molecular Clouds
Understanding how magnetic fields originated and evolved in the Universe is still a
hot topic in the Astrophysics world [Rees, 2005]. It is generally believed that magnetic
fields in GMCs are the frozen-in fields from the ISM of the Milky Way (Figure 2.1),
which arose from the fact that the ionization fraction of molecular gas in interstellar
clouds is sufficiently high for flux freezing to happen. Thus, interstellar magnetic
fields generated by Population III stars or early Active Galactic Nuclei (AGN) are
well coupled to the gas in the cloud.
The most important reason for the study of magnetic fields in molecular clouds,
although an interesting topic in itself, is their role in the formation and evolution
of stars. Stars are the fundamental objects of astronomy and understanding their
formation is one of most important and outstanding challenge of contemporary as-
trophysics.
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Figure 2.1: The top panel is a 360 degree composite FIR intensity map observed by
IRAS at 100 µm. Most of the emission is thermal, from interstellar dust warmed
by absorbed starlight, including star-forming regions embedded in interstellar clouds.
The bottom panel is an optical, 360 degree panoramic view of the Milky Way, stitched
together from many photographs (Credit Digital Sky LLC). Due to the strong obscur-
ing effect of interstellar dust,the light is primarily from stars within a few thousand
light-years of the Sun, nearby on the scale of the Milky Way. The widespread bright
red regions are produced by glowing, low-density gas. Dark patches are due to ab-
sorbing clouds of gas and dust, which are evident in the infrared maps as emission
regions.
This introductory chapter outlines the previous research efforts and current the-
ories of star formation mechanisms in molecular clouds. In Section 2.1 we start
the discussion with describing physical properties of molecular clouds, to provide an
overview of the initial conditions of collapse. The importance of magnetic fields, as a
source of global support in the star formation process, is discussed in Section 2.1.2.
In Section 2.2 I present a discussion on submm polarimetry as an important tool
for mapping magnetic fields in dark molecular clouds. Then in Section 2.4 I review
the previous work and observational techniques and the current theoretical hypothe-
sis are discussed in Section 2.3. An overview of the science goal of the BLAST–Pol
experiment is provided in Section 2.5.
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2.1 Physics of Molecular Clouds
Most of the mass of the ISM is in molecular form and concentrated in clouds,
generally cold (∼10–30 K) dark regions of the ISM in which the density and tem-
perature of the gas permit the formation of molecules, primarily molecular hydrogen
(H2). New stars are born in GMCs. GMCs are the most massive physical objects in
the Galaxy often containing masses as high as 104–107 M, diameters of ∼ 30-50 pc
and number density of hydrogen molecules of nH ∼ 102–106 cm−3 [Andre et al., 2000,
Williams et al., 2000, di Francesco et al., 2007]. They are in general not gravitation-
ally bound [Dobbs et al., 2011] and surrounded by a layer of less dense gas which
shields the molecules from external ultraviolet (UV) and cosmic ray radiation, per-
mitting the gas to cool and the density to increase further [Elmegreen, 1993]. GMCs
may be up to 104 times more massive than a typical dark molecular cloud. They
have enough gas to form massive stars or contain several sites of star formation and
their star formation efficiency (the ratio of mass in stars versus gas) rate is high. This
makes the contribution of dark molecular clouds to the total star formation rate in
the Galaxy negligible. The physical properties of molecular clouds and their features
are summarized in Table 2.1 [Klessen, 2011].
Molecular hydrogen is observationally hard to detect, as the absence of a perma-
nent dipole moment means no radiation is produced by its lowest rotational level.
The study of these molecular clouds progressed rapidly with the discovery of tracer
molecules which can be used to infer the mass distribution of the gas, the most im-
portant being CO in the J = 1–0 line of 12CO or 13CO, the dominant carbon-bearing
species [Langer et al., 2000]. A vast variety of other tracer molecules exist, which
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molecular clouds cluster-forming protostellar cores
clumps
Size [pc] 2–50 0.1–2 . 0.1
Density [nH cm
−3] 102–104 103–105 >105
Mass [M] 102–106 10–103 0.1–10
Temperature [K] 10–30 10–20 7–12
Line width [km s−1] 1–10 0.5–3 0.2–0.5
RMS Mach number 5–50 2–15 0–2
Column density [g cm−2] 0.03 0.03–1.0 0.3–3
Crossing time [Myr] 2–10 . 1 0.1–0.5
Free-fall time [Myr] 0.3–3 0.1–1 . 0.1
Examples Taurus, Ophiuchus L1641, L1709 B86, L1544
Table 2.1: Physical properties of molecular clouds, cluster-forming clumps, and iso-
lated cores from Klessen [2011].
include NH3, CS, CN, HCN, H2O and HCO
+ just to name a few. Their usefulness
as a probe of gas structure and mass is limited by how quickly the gas becomes opti-
cally thick and the critical density, and the temperature required for being thermally
excited. Hence, each tracer can give information about only a restricted range of
physical conditions of the clouds and therefore limited by the density, temperature,
and abundance of the molecule itself.
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Figure 2.2: From Netterfield et al. [2009], a 55 deg2 BLAST map of the VELA molecular cloud complex. Most of the dust
is in GMCs ∼ 700 ± 200 pc away. This image contains objects at all stages of evolution, indicated by different letters:
C – cool cloud with little evidence of recent star form (Axehead); Y – cool dust arranged in linear structure; X – region
which is substantially heated by star formation; Z – a clumpy circular structure warmed up by star formation.
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2.1.1 What Prevents Global Collapse?
GMCs are stellar nurseries which appear to have a lifetime of about 106–107 years.
Arguments based on the virial theorem suggests that all molecular clouds should be
undergoing global collapse in a free–fall time of∼ 104 years. Thus the star formination
efficiency should be very high. It is essential to understand how they are able to
sustain themselves over this long period of time and why the star formation rate
observed is much less than expected if all the cores were collapsing at the free–fall
timescale [Netterfield et al., 2009].
We can apply the virial theorem to molecular clouds in order to estimate the Jean’s
mass, the critical mass, MJ , at which a cloud of radius, R, and initial density, ρ0,
becomes unstable and starts to collapse, as it possesses insufficient pressure support
to balance the force of gravity.
Under the virial theorem, the condition for collapse is
2K < |U |, (2.1)
where U = −3
5
GM2
R
, is the gravitational energy for a self-gravitating sphere, and
K = 3
2
ηkBT is the internal thermal kinetic energy of the cloud, with η =
M
µmH
the
total number of particles. If we replace these quantities in equation (2.1) and we
relate the mass and density of the cloud through the radius R =
(
3M
4piρ0
)1/3
, we get
the expression for the Jean’s mass
MJ =
(
5kBT
GµmH
)3/2(
3
4piρ0
)1/2
. (2.2)
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In the absence of pressure or other support, gravitational collapse of such a cloud
occurs in a free-fall time,
tff =
(
3pi
32Gρ0
)1/2
, (2.3)
[Jeans, 1928, Spitzer, 1978]. If the mass of the cloud, M > MJ then collapse happens
and for a typical object of temperature T = 10 K and density nH ≥ 50 cm−3, the
Jean’s mass is ∼80 M, which is many orders of magnitude less than a typical dark
cloud or GMC. By this line of reasoning, molecular clouds should be undergoing
global collapse in a free-fall time tff ∼ 104 years. This suggests that molecular
clouds are highly unstable objects and if thermal pressure was the only supporting
mechanism for collapse then the star-forming efficiency should be very high, with a
predicted galactic star formation rate of 200–400 M yr−1, which is far in excess of the
observed galactic average of ∼ 1–3 M yr−1 [Netterfield et al., 2009] (see Figure 2.2).
These observations, in addition to the long lifetime observed in molecular clouds,
suggest that they cannot all be collapsing at free fall speeds, and it is evident that they
must rely on mechanisms other that thermal motion in the gas for their internal sup-
port [Zuckerman and Palmer, 1974, Evans, 1999, Andre et al., 2000, Ward-Thompson
et al., 2007]. Various alternatives have been suggested. The thermal pressure, along
with either the energy stored in local magnetic fields [Crutcher, 2004b, McKee and
Ostriker, 2007], or carried by supersonic turbulent gas motions [Elmegreen and Scalo,
2004, Mac Low and Klessen, 2004, Padoan et al., 2004], can provide the necessary
support against gravitational collapse. Both of these processes likely contribute, in
some measure, with magnetic fields being the most important, since without magnetic
fields it is very difficult to explain the generation of observed levels of rotation and
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Figure 2.3: From Larson [1981], this plot shows the relation between velocity dis-
persion (σ) and linear size (L) of molecular clouds. The letters identify the regions
observed: O–Orion complex, M–M17, W–W3 (all GMCs); P–Perseus, C–Cepheus,
ρ–ρ Ophiuchus, T–Taurus, L–Lynds clouds, B–Barnard objects (all dark clouds); N–
HII regions associated with objects, S–HII regions associated with Shapley objects,
R–reflection nebulae.
turbulence in molecular clouds.
2.1.2 Magnetic Fields: a Source of Global Support
Molecular clouds must be supported by another mechanism other than thermal
pressure. Observation and study of molecular line profiles can help in the search for
clues about the nature of this support. These clouds are extremely complex structures,
and when observed at high angular resolution often present filamentary structures
within which column densities that vary by many orders of magnitude. However,
on large angular scales all clouds seem to have a similar mean surface density of
∼ 0.035 g cm−2 [Heyer et al., 2008, Bolatto et al., 2008], known as one of the Larson
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relations [Larson, 1981]. Line emission can provide detailed information about the
cloud structure, from kinematic information and distance (through Doppler shifting)
to information about the bulk motion of the gas. One of the most important and vital
pieces of information is the velocity dispersion in the gas which can be obtained by
studying the line width. A statistical study of line widths across a variety of clouds
carried out by Larson [Larson, 1981] and shown in Figure 2.3, revealed a correlation
between line width and cloud size which can be described by the empirical relation
know as the “size-linewidth” relation
σ ' 1.10 km s−1
(
L
1.0 pc
)0.38
, (2.4)
where σ and L represent respectively the total velocity dispersion and the size of the
structure [Larson, 1981]. More recent values give σ = 0.5 km s−1
(
L
1.0 pc
)0.5
[Solomon
et al., 1987, Heyer and Brunt, 2004, Bolatto et al., 2008]. The large non–thermal
linewidth measured in molecular clouds, too wide to be attributed to simply thermal
motion of the gas, have been interpreted as indicating the presence of supersonic
turbulence. In fact if we express equation (2.4) using the self-gravity of a sphere
(used in equation (2.1)), and the virial theorem for a cloud with column density
N = M
µ mHpi R
and number density of the particles n0 =
ρ0
µ mH
we deduce that
σ =
[
3pi
20
Gµ mHN
2
n0
]1/2
. (2.5)
For a typical GMC, by using µ = 2.33 as the mean atomic weight, n0 ∼ 103 cm−3,
and by expressing N as a function of the extinction Av =
N
2× 1021 cm−2 ∼ 10 mag
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[Spitzer, 1978] we obtain
σ = 7 × Av n−1/20 km s−1 ' 2.2 km s−1. (2.6)
If compared to the non–thermal component for a cloud at T ∼ 10 K,
σ =
√
kBT
µ mH
≈ 0.23 km s−1, it is evident that there should be a significant non–
thermal component to the line width. This component cannot be only due to su-
personic turbulent gas motion. In fact for the virial equation, a 2 km s−1 linewidth
for gas at density 103 cm−3, can only support ∼ 104 M. This is several orders of
magnitude smaller than the mass of typical GMCs.
Although gas motion can provide a significant component of the support of molec-
ular clouds against gravity, it is not enough by itself to support against gravitational
collapse. A magnetic field can provide this support if it is strongly coupled to the
gas. The ionization of the gas is what determines the strength of this coupling. It has
been estimated that an ionization fraction of 10−7 is sufficient for the gas to respond
to the presence of the magnetic field. The magnetic field thus acts as a pressure which
resists the collapse of the cloud.
The ISM is strongly magnetized, and magnetic fields are very important to the
dynamics and evolution of molecular clouds [McKee et al., 1993]. A useful tool
to measure the magnetic field is the Zeeman effect, which gives the line of sight
component of the field, as opposed to the CF method which only gives the plane
of the sky component of the field. The study of the linear polarization of spectral
lines, together with measurements of the dust polarization are needed to understand
the morphology of the field. Crutcher [1999] carried out the largest compilation of
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Figure 2.4: From Crutcher [2006], schematic diagram of a collapsing molecular cloud
core with a strong magnetic field (B) showing the characteristic hourglass shape.
Clouds are magnetically supported, but neutral gas contracts through the ions that
remain frozen to the magnetic field (ambipolar diffusion). When the core mass be-
comes sufficiently large, core collapse occurs.
Zeeman measurements of the magnetic field strength in molecular clouds. This study
has shown that across 27 clouds of varying mass, the median value of the Alfve´n Mach
number was MA ' 1 (a measure of the strength of the magnetic field), from which
was derived the median value of the magnetic field
Bmed ' 30 µG
( nH
103 cm−3
)1/2( σ
1 km s−1
)
, (2.7)
where σ is the non–thermal velocity dispersion of the cloud and
nH & 2 × 103 cm−3. For 15 cores the average ratio of thermal to magnetic
pressure,βmag, is βmag ≈ 0.04, where βmag < 1 implies that magnetic effects domi-
nate over thermal pressure, showing therefore that magnetic fields are very important
to the physics of molecular clouds. This fact fit the relation for which B α n0.47H , con-
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sistent with simulations of molecular clouds supported by magnetic fields and, in
particular, ambipolar diffusion (Figure 2.4) of the field (where the flux is frozen into
the ions, which scales as ni α n
0.5
H ).
Impressive advances in computer hardware and MHD algorithms have led to the
widespread use of detailed numerical simulations of turbulent molecular clouds [Os-
triker et al., 2001, Nakamura and Li, 2008]. MHD star formation theories suggest
that a self-gravitating cloud can be supported by a purely static field [Stahler and
Palla, 2005]; flux freezing within molecular clouds signifies that the magnetic field
is tied to the motion of the fluid and that the gas itself is constrained by the field
geometry. A typical hour-glass shape in the magnetic field lines in cores has been
indirectly observed [Cortes and Crutcher, 2006]. The collapse propagates as a fast
MHD wave, traveling faster in the direction perpendicular to the magnetic field, the
Lorentz force produced by the curvature of the magnetic field lines deflects the gas
toward the equatorial plane inside of the collapsing core, pushing the infalling mate-
rial to form an oblate pseudo-disc [Galli and Shu, 1993a,b]. The magnetic field of the
core assumes an hour-glass shape which is consistent with experimental observations
[Cortes and Crutcher, 2006, Girart et al., 2006, Gonc¸alves et al., 2008, Attard et al.,
2009].
Another source of support could be more important than ambipolar diffusion on
triggering the formation and collapse of molecular cloud cores. In fact, the role of
supersonic turbulent gas motion as a supporting mechanism against gravity has been
a matter of increasing debate within the star formation community [Goodman et al.,
1998, Crutcher, 1999] as the supersonic motions in cores could be explained by MHD
turbulence that is in rough equipartition with self-gravity in the core. As support
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Figure 2.5: From Girart et al. [2006], contour map and image of the 877 µm dust
emission in NGC 1333 IRAS A4 using the SMA instrument at 345 GHz and beam
size of 1.6′′ × 1′′. Red bars are the B-field vectors. The predicted hour-glass pinch
can be seen and the strength of the magnetic field was estimated to be B∼5 mG.
from turbulent motion decays quickly speeding up star formation, stronger turbulence
could fragment the core leading to the formation of multiple star systems, implying
that star-forming clouds are transient objects and that star formation itself is a rapid
process which is in contrast with the quasi-static slow process predicted by ambipolar
diffusion theories [Mac Low and Klessen, 2004, Ward-Thompson et al., 2007].
2.2 Detection of Magnetic Fields Through
Submillimeter Polarimetry
Galactic magnetic fields in dark molecular clouds are extremely difficult to observe
[Crutcher, 2004a, Whittet et al., 2008]. For this reason it has not yet been possible
to clearly establish the influence of magnetic fields on GMCs and understand their
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importance in the star formation process.
The two major theories differ in the role played by magnetic fields; in the strong-
field models [Mouschovias and Ciolek, 1999] magnetic fields control the formation
and evolution of the molecular cloud from which stars form; in the weak-field models
[Padoan and Nordlund, 1999, Mac Low and Klessen, 2004] turbulent flows control the
formation of clouds and cores. Numerical simulations and theories have recently con-
sidered the scenario in which both turbulent flows and magnetic fields assume equally
important roles in the cloud dynamics and the star formation process [Nakamura and
Li, 2005, Kudoh and Basu, 2008, Va´zquez-Semadeni et al., 2011]. Observations inte-
grated with the study of simulations is perhaps the best and only way to resolve the
controversy about the processes that drive star formation.
Observing magnetic field morphology can tell us a lot about the collapsing support
mechanism. In particular, the strength of the pinch in the hour-glass feature can tell
us something about the strength of the magnetic field [Basu et al., 2009]. In the
presence of a strong field, the pinch should be relatively small with smooth field
lines in all stages of the star formation process, because the field is so strong it
severely retards collapse perpendicular to the field. In the turbulent model, where
the magnetic field is weak, the field lines will be chaotic in the early stage of cloud
formation. For gravitationally bound clouds, turbulence will dissipate and the field
will become increasingly ordered as collapse proceeds. The pinch should be more
severe than the strong-field model because the field will be too weak to strongly
retard collapse perpendicular to the field.
A promising probe of magnetic fields in dark molecular clouds and an emerging
area of star formation research is FIR/submm polarimetry [Hildebrand et al., 2000,
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Ward-Thompson et al., 2000]. Many upcoming experiments will maps fields on dif-
ferent scales. Dust grains in the ISM emit blackbody thermal radiation according
to their kinetic temperature. Elongated, spinning, aligned, irregularly shaped grains
emit polarized light where the degree of polarization depends on the field strength,
the degree of the alignment, the shape and composition of the dust grains as well as
their dielectric properties, and how effectively the grains have spun up. However, un-
derstanding the mechanisms that generate dust alignment is still a source of debate,
not all produce alignment with the local magnetic field, although the most powerful
is the radiative torque mechanism [Lazarian, 2007]. Protostellar or prestellar cores
embedded in the molecular cloud or external sources, generates anisotropic radiation
which spins dust grains preferentially around their short axis. By tracing the polarized
thermal emission from the dust grains, which are aligned with the local magnetic field,
we can measure directly the direction of the plane-of-the-sky component of the field,
BPOS, within the cloud [Hoang and Lazarian, 2008]. Dust grains preferentially align
with their long axis perpendicular to the local field. In the far-infrared (IR)/submm
the transmitted light is polarized perpendicular to the local magnetic field, BPOS,
since the grain extinction cross-section is greater in the direction perpendicular to
the magnetic field.
At far-IR and submm wavelengths, dust emission is optically thin. By observing
at wavelength λ > 60 µm, scattering and absorption effects are negligible, making
interpretation of the position angle of the polarization vectors much more straightfor-
ward [Hildebrand, 1988]. Furthermore, by observing at different wavelengths we can
probe different regions of the clouds by sampling different depth of an emitting cloud.
The degree of alignment is highly dependent on grain size. Therefore, with these
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Figure 2.6: From Lazarian [2007], this picture shows the polarization of thermal
radiation from an optically thin cloud of aligned dust grains. The direction of the
polarization ~E is parallel to the plane of the sky direction of the magnetic field ~B.
measurements we can also test the alignment theory by measuring the percentage of
polarization at the different wavelengths [Vaillancourt et al., 2008].
A complete description of the linear polarization in the submm emission of molec-
ular clouds is given by the Stokes parameters Q and U . It is useful to express the
measurements in terms of degree of fractional polarization p =
√
Q2+U2
I
and position
angle θ = 1
2
arctan
(
U
Q
)
. It is important to remember the polarization vectors gen-
erated by these measurements have 180◦ ambiguity, so they really are not vectors but
a useful and clean way to represent the general direction of the field and its percent
of polarization (Figure 2.6).
Submm polarimetry provides only information about the magnetic field direction
and percent polarization (or fractional polarization), without a direct measurement of
the strength of the field. The Chandrasekhar and Fermi [1953] (CF) method can be
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used to estimate the field strength by a statistical study of the small-scale randomness
of magnetic field lines, caused by the turbulent motion in the field that is frozen into
the matter. They showed that a numerical value for the field strength in the plane of
the sky, BPOS, can be obtained via
BPOS = Q
√
4piρ
δ V
δ φ
≈ 9.3
√
n(H2)
∆ V
δ φ
µG, (2.8)
where ρ = mn(H2) is the gas density, δV is the velocity dispersion, δφ is the dispersion
in polarization position angles in degrees, Q is a factor of order unity, n(H2) is the
molecular hydrogen density in molecules cm−3, and ∆V =
√
8 ln 2 δV is the full width
at half maximum (FWHM) line width in km−1 of velocity measurement in CO.
This method is, in general, not accurate. However, it produces relatively reliable
results as long as the field strength is relatively high with a dispersion of δφ < 25◦,
verified by study of simulations of interstellar clouds [Ostriker et al., 2001].
Knowing the field strength is important in order to carry out the mass-to-flux
ratio test (M/Φ), a crucial parameter that can help solve which of the two theories
discussed above (strong-field, weak-field) is predominant. A magnetic flux Φ can
support a critical mass of MBcrit =
Φ
2pi
√
G
. Obtaining M/Φ from observations is
possible as long as the column density N and the magnetic field strength B are
measured, M
Φ
= 7.6 × 10−21
(
N(H2)
cm−2
) (
1µG
B
)
, [Crutcher, 2004a].
In the strong field case, M/Φ < 1, the clouds are initially sub-critical. The cloud
envelope continues to be supported by the magnetic field while in shielded, high den-
sity cores, ambipolar diffusion is fastest so cores becomes supercritical (M/Φ ≈ 1 or
slightly < 1) and rapid collapse ensues. For the weak-field model, in which turbulent
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Model Predictions and Observational Tests
B field Morphology B versus nκH Mass to flux ratio (M/Φ)
Strong Field Model
smooth field lines ≤ 0.5 < 1
small hour-glass pinch
Weak Field Model
chaotic field lines ≈ 2/3 > 1 or  1
severe hour-glass pinch
Table 2.2: A summary of the star formation model predictions and observational test
parameters.
motions prevails, the field must be supercritical, M/Φ > 1 or highly supercritical
M/Φ 1.
As already mentioned in Section 2.3, another test that can be carried out ino-
volves the scaling of the magnetic field strength B with the density nH which can be
parametrized by the power law B α nκH. In the strong-field model, a subcritical cloud
core (with κ ∼ 0.1− 0.2) become supercritical when rapid collapse happens dragging
the magnetic field inward with the collapsing gas. When collapse occurs a value of
κ ≤ 0.5 has been predicted [Mouschovias and Ciolek, 1999, Ciolek and Basu, 2000].
For weak magnetic fields, the strength of the field is too weak to drive the direction
of collapse and κ is predicted to be approximately equal to 2/3 [Mestel, 1966].
2.3 Current Theoretical Models
In spite of significant progress in recent years, the physics processes that drive star
formation are still not clearly understood. Crutcher [2004a] compared CF estimates
with Zeeman measurements. They found that magnetic energy and turbulent kinetic
energy are in approximate equilibrium in molecular cloud cores stating that, from
observations, we can only conclude that there is not a single driver but both turbulence
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and strong magnetic fields have an important role in the physics of star formation.
Moreover, they points out how important it is to determine how the field in the cores
connect with that in the surrounding cloud environment. As already discussed in
Section 2.2, there are two major classes of star formation theories, which differ in
the role played by the magnetic fields [Crutcher, 2012], the strong-field models (also
known as the ambipolar diffusion model) and the weak field (or turbulent) models.
This is despite the advent of new theoretical models backed by powerful computer
simulations which have determined that both magnetic field and turbulent motion
are equally important.
Strong Magnetic Field Model
In the strong magnetic field model, magnetic support is predominant as deter-
mined early on by Mestel and Spitzer [1956] who outlined the importance of magnetic
field in the formation of clumps that then collapse to form stars. Shu et al. [1987]
propose in their “standard model” of star formation that magnetic fields embedded
in star forming regions are the key to support molecular clouds. According to this
study, ionized species are tied to the magnetic field lines and may not move per-
pendicular to them in the case of a strong magnetic field (termed subcritical if the
field strength is large enough to prevent the collapse of the cloud). Initial support
against gravity in cloud cores is provide by thermal pressure and the magnetic field,
which carries angular momentum outward. Neutral species, on the other hand, are
not directly affected by the magnetic field and are able to move perpendicular to
the field lines and are pulled in by gravity to form denser regions. This process is
known as ambipolar diffusion, a slow process because moving perpendicular to the
26
field lines involves moving through the ionized molecules that are frozen in the field.
When density becomes critical (forming a supercritical region) the magnetic field will
not be able to support the core anymore, which then collapses dynamically to form
a protostar that is usually surrounded by a protostellar disk from which it further
accretes mass. Gravity then quickly dominates the process involving the surrounding
gas.
Magnetic field strengths, often measured through Zeeman line splitting, have been
observed to be strong enough to play an important role in molecular cloud support,
although they may not be strong enough for regions to be subcritical [Crutcher, 1999].
Regardless of their strength, magnetic fields are only able to provide support across
field lines, not along them. Without some other source of support, clouds would
collapse to form sheet-like structures.
Turbulent Support Model
In the alternate theory, referred as the turbulent support model, star formation is
an intermittent phenomena with a short lifetime (∼ 106 years) [Mac Low and Klessen,
2004]. One of the issues with this model is to understand what is the source of the
turbulence, without which the turbulence will quickly dissipate due to shock waves.
Under this scenario, supersonic motion of large scale flows in the molecular cloud
prevents global collapse while smaller regions that form at the intersection of these
flows my be unstable and undergo collapse.
Clouds generally dissipate unless gravitationally bound, in which case they form
stars collapsing at free-fall time [Elmegreen, 2000, Mac Low et al., 1998]. Magnetic
pressure, although unable to stop the collapse, can still dominate turbulent pressure
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at the late stage of collapse. In this scenario the M/Φ ratio varies within the cloud
with the presence of supercritical and subcritical regions, each of which will evolve
differently.
Magnetic Reconnection
Last but not least, theory and simulations have started to explore models in which
turbulent motions are coupled to strong magnetic fields via magnetic reconnection
[Lazarian and Cho, 2005]. In this model, simulations involving only ambipolar diffu-
sion phenomena (due to strong magnetic field) were integrated with turbulent initial
conditions. This resulted in a reduction of on order of magnitude in the star formation
timescale, showing that magnetic fields indeed prevent gas from collapsing, provid-
ing support to global collapse and hence slowing down the star formation process
[Nakamura and Li, 2005].
3-D simulations carried by Kudoh and Basu [2008] showed that turbulent motion
will enhance ambipolar diffusion at the early stages. The M/Φ ratio stays subcritical
and the density decreases, or, in the highest density regions, ambipolar diffusion will
likely speed up. A more complex study on molecular cloud formation was developed
by Va´zquez-Semadeni et al. [2011] in which they find that if the cloud starts in
a subcritical state, it undergoes an initial phase of contraction followed by a re-
expansion, settling into an oscillatory regime until eventually ambipolar diffusion
leads to collapse. If instead the cloud starts supercritical, it proceeds directly to
collapse, as expected. In both cases, stars are formed, but at greatly different rates.
This leads to the conclusion that there is a continuum of star formation rates rather
than a bimodal distribution as the mean magnetic field is varied.
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Magnetic reconnection has yet to be modeled accurately and, unlike the classical
Sweet-Parker large-scale theory [Parker, 1957, Sweet, 1958], is a much faster phenom-
ena in more turbulent and bigger regions. This will allow molecular clouds to lose
magnetic flux support early in the evolution, allowing subcritical clumps of the ISM
to become supercritical and undergo gravitational collapse.
Recent observations have been unable to determine which of these mechanisms
is dominating the scene of core support and collapse in molecular clouds [Crutcher
et al., 2009], requiring more detailed observations and studies of the magnetic field
strength and orientations in clouds and cloud cores. The latest results from Herschel
and BLAST revealed the presence of highly filamentary structure in the ISM in which
long thin filaments form first, and then fragment into pre-stellar cores [Men’shchikov
et al., 2010, Andre´ et al., 2010, Ward-Thompson et al., 2010, Molinari et al., 2010,
Netterfield et al., 2009]. This started a broad study effort for new possible theories to
model formation of filamentary cloud structures by massive use of MHD simulations
of supersonic turbulent motions in both weakly magnetized clouds as well as strongly
magnetized ones.
2.4 Previous Work
Understanding star formation is still an outstanding challenge in modern astro-
physics. The availability of powerful computers and complex numerical techniques
coupled with observations at IR and radio wavelengths, led to significant progress
in the last fifty years. Complex, high resolution MHD simulations of gravitational
collapse and star formation are now possible [Klessen, 2011, Machida, 2011], while
29
observations have started to unveil the physical processes that drive star formation
in molecular clouds [Ward-Thompson et al., 2007, di Francesco et al., 2007].
In recent years there has been a gradual convergence between observations and
theory, with the general belief that low-mass stars are the results of gravitational
collapse in dense molecular cloud cores while high-mass star formation are driven
by a more complex process involving magnetic fields and turbulent motion of the
gas within the molecular cloud. Already Shu et al. [1987] proposed a theory which
is still referred as the “standard model”, which is described in Section 2.3. Three
main methods have been used in the past and have been reported in the literature to
measure magnetic field in molecular clouds: optical/NIR polarimetry of background
stars; Zeeman [1897] effect; FIR/submm polarimetry.
Absorption of Background Starlight
Absorption polarization using optical/NIR polarimetry of background stars is lim-
ited to clouds of low to moderate optical depth. Polarization maps generated using
these observations can show large-scale mean direction for the polarization in tenuous
systems of clouds. Starlight experiences differential extinction by aligned dust grains
becoming partially polarized parallel to the plane-of-the-sky directions of the aligning
field [Draine, 2003].
In the early 80’s, measurements of the Taurus Dark Clouds [Moneti et al., 1984]
were made using this method (Figure 2.7). However, they did not show an evident re-
lation between polarization vectors and the gas shape. [Goodman et al., 1995] carried
out a polarization study in the Near-infrared (NIR) for many dark clouds and discov-
ered that the degree of polarization did not continue rising with increasing extinction,
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Figure 2.7: Left panel: from Moneti et al. [1984], this maps shows linear polariza-
tion across the Taurus Dark cloud. Global gas structure is showen by the dotted
lines. There is not a clear alignment between the gas and the polarization and vec-
tors lie both parallel and perpendicular to the filamentary structure. Right panel:
from [Minchin and Murray, 1994], polarization data obtained with the single UKT14
bolometer for polarimetry at the JCMT over logarithmic contours of 800µm contin-
uum emission. For both maps the vectors/bold lines shows the directions of the field
while their length is proportional to the percent polarization.
probably due to several potential causes, including turbulence, ineffective grain align-
ment or changing grain shapes and composition, or even absence of magnetic field
[Cho and Lazarian, 2005, Lazarian and Cho, 2005]. There is a threshold value beyond
which NIR polarimetry is not an effective probe of magnetic field geometry in dense
gas, where the magnetic field can reliably be traced. This limit is due to the availabil-
ity of background starlight and found to be Av ≈ 2 mag [Goodman et al., 1995] for
optical polarimetry and Av ≈ 1.3 mag for the near infrared [Weintraub et al., 2000,
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Whittet et al., 2001, 2008].
Optical/NIR extinction is relatively more sensitive to small grains (proportional
to grain cross-section), while in the submm the emission is relatively more sensitive
to large grains (emission proportional to grain volume). This makes this method
more sensitive to the grain population that is better aligned. However, observations
of grain alignment were made for Av > 30 mag, which can be explained by the fact
that molecular clouds are inhomogeneous and hence partially permeable to external
radiation [Crutcher, 2004a].
Zeeman Splitting of Spectral Lines
The Zeeman [1897] splitting technique is a useful tool to probe the magnetic field
geometry in dense clouds by estimating the line-of-sight component of the field. Zee-
man splitting is detected by measuring the circular polarization within a spectral line
and was first detected by Verschuur [1968]. Since then it has been the main method
of probing the strength and direction of the line-of-sight component of the magnetic
field, Blos, toward diffuse molecular clouds. Radio observations of Zeeman splitting
has been carried out in atomic (HI 21 cm line) or thermally excited molecular lines
of radicals such as hydroxyl [OH], cyano [CN] and sulfur [SO] monoxide [Crutcher,
1999]. HI and OH transitions are not effective probes within molecular clouds since
most hydrogen is in molecule form and are restricted to low or moderate densities
(n(H2) . 103 cm−3), while CN, SO, and CCS measurements on dense cloud cores are
still rare [Crutcher, 1999, Levin et al., 2000, Crutcher, 2004a].
Zeman splitting measurements though do not reliably probe magnetic fields in the
density region n(H2) ∼ 103− 106 cm−3, which is the place where the most important
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phenomena in the star formation process are likely to happen.
FIR/submm Polarimetry
FIR/submm polarimetry measures the thermal emission from magnetically aligned
dust grains in GMCs and pre-stellar cores, which are partially polarized in the di-
rection perpendicular to that of the plane-of-the-sky projection of the aligning field
[Hildebrand et al., 2000, Ward-Thompson et al., 2000, Li et al., 2006]. The first
measurement in the FIR was made by Cudlip et al. [1982] toward the Orion Molec-
ular Cloud Complex, followed by observations in the submm from Hildebrand et al.
[1984], in which polarization percentages were found to be in the range of 1–2 %.
First results from single bolometer polarimetry started in the 1990s [Flett and Mur-
ray, 1991] providing to the field important observations of polarized emission from
aligned dust grains thanks to the effort of experiments like the Stokes and the MIL-
LIPOL polarimeters aboard the Kuiper Airborne Observatory (KAO) [Dotson et al.,
2000, Leach et al., 1991]. The SCUBA–2 bolometer array, and previously SCUBA, re-
placed the older continuum single pixel UKT14 bolometer receiver at the JCMT, the
first experiment to make a polarimetric map of a pre-stellar core [Greaves et al., 1994].
Despite the fact that early observations were limited to the brightest cores (because
of limited sensitivity), a 2–3 % polarization level was detected. These experiments
made JCMT the leading world facility for submm.
Since these first measurement, polarized dust emission has been mapped in many
clouds, mainly dense cloud cores [Crutcher, 2004a, Kirk et al., 2006] with up to
several hundreds vectors per cloud. As already mentioned, FIR/submm polarimetry
only provides information on the direction of the magnetic field and the percent
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Figure 2.8: BLAST–Pol and U¨ber BLAST provides the critical link between Planck’s
all-sky polarimetry at 850 µm with 5′ resolution and ALMA’s 0′′.01 resolution po-
larimetry at the same wavelength. Left: Galactic-scale Planck image . Right top:
BLAST–Pol 1.4 deg2 map of the nearby Vela C molecular cloud at 250 (blue), 350
(green) and 500 µm (red), plotted over a Herschel SPIRE 350 µm intensity map [Hill
et al., 2011]. Right bottom: magnetic field map for a protobinary in Perseus acquired
using the Submm Array (a precursor to ALMA) [Girart et al., 2006]. BLAST–Pol
and U¨ber BLAST beams nearly matches the ALMA 850 µm field-of-view and is more
than 200 times smaller (in area) than Planck’s 850 µm beam.
polarization of the dust. Application of the CF method can give an estimate on the
field strength from the dispersion of the polarization angles.
Observations with the SCUBA–2 and SPARO polarimeters, will be integrated
soon with low resolution maps (FWHM∼ 5′) of the entire Galaxy from Planck and
by ALMA sub-arcsecond resolution data, capable of resolving fields within cores and
circumstellar disks. BLAST–Pol, and its successor U¨ber BLAST, with its arcminute
resolution, is the first submm polarimeter with sufficient angular resolution, high
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sensitivity, and mapping speed to be able to map the large scale magnetic fields
within molecular clouds as well as the dense cores (∼ 1.0 pc). Hundreds of inde-
pendent polarization vectors per cloud, for dozens of clouds, will be mapped, over a
wide range of column densities for Av & 4 mag. BLAST–Pol data, combined with
SCUBA–2, Planck, and ALMA, will allow us to produce maps that trace the magnetic
field structures in the cold ISM from large scales of about 5 pc all the way down to
the collapsing cores at 0.1 pc, providing an extraordinary set of data (Figure 2.8).
2.5 Science Goals
Many fundamental questions about the process of star formation remain unan-
swered [McKee and Ostriker, 2007]. Is star formation regulated by magnetic fields or
by turbulence? How long does the star formation process last? Do molecular clouds
and their associated substructures (dense cores, filaments, and clumps), have lifetimes
exceeding their turbulent crossing times? What determines the final masses of stars?
The BLAST–Pol maps will allow us to make the first detailed comparisons between
observed molecular cloud field maps and synthetic maps. The latter can be derived
from numerical simulations of molecular clouds [Ostriker et al., 2001]. This will allow
us to make detailed comparisons between observations and theoretical MHD models
of star formation.
We present here the science case for flying BLAST–Pol. All of these goals are
achievable by combining the results of the two most recent BLAST–Pol flights,
BLAST-Pol 2010 and BLAST-Pol 2012, and will be greatly improved by the ob-
servations of the upcoming experiment, U¨ber BLAST, whose first Antarctic flight is
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scheduled in 2016.
2.5.1 Probing the Role of Magnetic Fields in Star Formation
1. Is molecular core morphology determined by large-scale magnetic fields? Jones
and Basu [2002] have argued that observations show a predominance of oblate-
shaped cores in molecular clouds, as has been predicted by magnetically regu-
lated models of core collapse [Mouschovias and Ciolek, 1999, Allen et al., 2003].
These models also predict that each core should be embedded in a large–scale
cloud field which runs parallel to the cores minor axis. Submm polarimetry
observations of 4 quiescent cores with SCUBA questioned this prediction by
finding that the magnetic fields were misaligned and therefore more consistent
with turbulence dominated magnetic models. More recently Tassis et al. [2009]
analyzed observations of 24 clouds taken with the Hertz polarimeter at the
Caltech Submillimeter Observatory (CSO) and found in their statistical anal-
ysis that models with oblate cores and mean magnetic field orientations with
small deviations from the core minor axis are preferred. However, observations
of more clouds are needed in order to reject models. Also, Hertz, SCUBA,
and SCUBA–2 cannot realistically detect fields in lower density regions: what
is needed are observations tracing core fields out into the surrounding lower-
density cloud environment. BLAST–Pol will provide deep submm polarimetry
observations for a large sample of molecular clouds.
2. Do filamentary structures within clouds have magnetic origins? Faint, low col-
umn density 12CO filaments observed in Taurus [Heyer et al., 2008, Goldsmith
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et al., 2008] seem to closely follow magnetic field lines traced by optical polarime-
try, which could indicate streaming of molecular gas along field lines. However,
denser filaments in Taurus and some other clouds show no preferred orientation
with respect to the field direction traced by nearby polarimetry pseudo-vectors
from optical observations of background stars [Goodman et al., 1990]. This
may imply a non-magnetic origin for the denser filaments or it may simply
reflect the inadequacies of optical/NIR polarimetry for tracing fields in dense,
shielded regions within molecular clouds [Whittet et al., 2008, Cho and Lazar-
ian, 2005]. In contrast, optical polarization observations of the Pipe Nebula
[Alves et al., 2008] show that the local magnetic field is perpendicular to the
filamentary structure. BLAST–Pol has mapped dense filaments to answer ques-
tions about the relationship between fields and cloud sub-structures.
3. How strong are magnetic fields in molecular clouds, and how does the field
strength vary from cloud to cloud? Simulations have shown that clouds where
magnetic fields are strong enough to play an important role in supporting the
cloud against gravitational collapse, tend to have aligned polarization angles,
whereas clouds with more randomly oriented polarization angles imply a weaker
field [Ostriker et al., 2001]. CF field strength estimates for molecular cloud cores
have been obtained from submm data, and the derived magnetic field strengths
are in rough agreement those derived from Zeeman observations [Crutcher,
2004a]. Numerical turbulence simulations have been used to calibrate the CF
technique for molecular clouds [Ostriker et al., 2001, Pelkonen et al., 2007,
Gonc¸alves et al., 2008]. Analysis of BLAST–Pol maps will determine the power
spectrum of the polarization angle dispersion over a large range of spatial scales,
37
for dozens of molecular clouds. These data should lead to improved models and
better CF calibration. BLAST–Pol will also measure 3-color polarization spec-
tra variations within the cloud [Bethell et al., 2007, Vaillancourt et al., 2008],
which will allow us to explore the dust properties and temperature structure
of each cloud. Our observations will probe the dependence of field strength on
cloud age, location, and mass.
2.6 Thesis Outline
The remainder of this thesis is organized as follows: Chapter 3 describes the
BLAST–Pol instrument. Pre-flight testings and target selection process are de-
scribed in Chapter 4. Chapter 5 summarizes the two long-duration science flights
from Antarctica conducted at the end of 2010 and 2012. Instrument performance,
observations, and the flight scheduling process are also discussed. Chapter 6 outlines
the data reduction pipeline implemented to create polarization vectors maps from
the raw data data obtained during the two flights. Chapter 7 presents preliminary
and unpublished maps made from BLAST–Pol data acquired during the two flights.
Finally Chapter 8 will summarize the results obtained with BLAST–Pol and will
introduce the future of submm polarimetry from a balloon platform with the new
instrument U¨ber BLAST.
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Chapter 3
Instrument Overview
BLAST–Pol is a suborbital mapping experiment designed to measure the polar-
ized dust emission from nearby star forming regions by making simultaneous measure-
ments in 3 broad-band (30%) spectral windows centered at 250, 350 and 500 µm, a
range not available from ground. By flying BLAST–Pol on a stratospheric balloon at
a nominal altitude of ∼38000 m, above 99.5% of the Earth’s atmosphere, we mitigate
the absorption of light at these wavelength due to the atmosphere (Figure 3.1).
BLAST–Pol used most of the BLAST gondola basic design. Figure 3.2 shows a
schematic layout of the assembled instrument while a 3-D rendering of the
BLAST–Pol 2012 flight is shown in Figure 3.13. It consists of three main parts:
an outer frame, suspended from the balloon flight train by cables and a pivot motor;
attached to it at two points along a horizontal axis is a precision pointed inner frame;
a set of Sun shields attached to the outer frame is covered with aluminized Mylar in
order to shield the telescope from solar radiation and avoid large thermal changes in
the optics. The frame is built of light weight aluminum tubing and I-beams. In order
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Figure 3.1: Picture of BLAST–Pol in Antarctica during calibration tests in the 2010
flight campaign.
to observe targets close to the Galactic center, a new shield made of carbon fiber
was constructed for BLAST–Pol. This 4 m shield (Figure 3.1), attached on the inner
frame around the perimeter of the primary mirror, allowed us to point the telescope
within 45◦ of the Sun.
The telescope’s attitude is controlled by three motors: a high moment of inertia
reaction wheel, an active pivot for azimuth pointing and an elevation servo motor
mounted on one side of the inner frame, while a free bearing connects the other
side of the inner to the outer frame. In-flight pointing accuracy is measured to be
∼30′′. This is achieve by using multiple redundant attitude fine and coarse sensors,
including fiber optic gyroscopes1, CCD-based star cameras [Rex et al., 2006], an
1DSP-3000 by KVH Industries
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Figure 3.2: Front and side schematic drawings of the BLAST-Pol gondola. A 1 m
tall Emperor penguin is shown for scale.
elevation encoder, inclinometers, a magnetometer, Sun sensors, and a differential
GPS. Post flight reconstruction uses only the gyroscopes and star cameras with an
accuracy of 5′′ in the first three flights [Pascale et al., 2008] and improved to < 3′′ for
the 2010 flight.
The BLAST–Pol telescope has three bolometric focal plane arrays for a total of 280
detectors array with 149, 88 and 43 detectors, at 250, 350, and 500 µm respectively.
The detectors are cooled to ∼300 mK by a by a closed-cycle 3He refrigerator hosted
in a LHe/LN cryostat. The BLAST multi-band photometer was re-configured as a
polarimeter. With the addition of a polarizing grid in front of each of the 280 feed
horns and a stepped Achromatic Half Wave Plate [Moncelsi et al., 2012], BLAST–
Pol is a uniquely sensitive instrument for probing linearly polarized Galactic dust
emission. These focal planes are fed by a series of cold (∼1.5 K) reflective optical
elements arranged into an ideal Offner relay configuration and a 1.8 m Cassegrain
41
telescope yielding diffraction-limited beams of 30′′, 42′′ and 60′′ at 250, 350, and
500 µm, respectively.
BLAST–Pol is designed to be able to operate autonomously for the duration
of the flight, following a pre-set observing schedule, although, while in flight, may
be commanded from the ground in order to optimize the observations and debug
potential problems.
This section provide a summary and various details of the BLAST–Pol instrument
while a complete and detailed description can be found in Pascale et al. [2008], Truch
et al. [2009], Fissel et al. [2010] and Angile´ et al (in preparation).
3.1 Why a Balloon Borne Platform?
Submillimeter observations are difficult from the ground because the water vapor
in Earth’s atmosphere makes it opaque to most wavelengths in the submm (Fig-
ure 3.3). A limited range of wavelengths can be observed from telescopes located
at high altitudes like SCUBA and its successor SCUBA-2, the Max-Planck Millime-
ter Bolometer Array (MAMBO), etc. which use the 15 m JCMT on Mauna Kea in
Hawaii. The ideal solution would be to utilize a space based telescope, like Herschel,
IRAS or the Diffuse Infrared Background Experiment (DIRBE), with the downside
that these missions are prohibitively expensive and instrument modifications are im-
practical if not impossible. BLAST–Pol overcomes this by flying on a high altitude
balloon at ∼40 km, placing it above 99.5% of the atmosphere and making it a unique
environment for observing at submm wavelengths (Figure 3.3). The relativity low
cost of the project compared to a satellite mission and the ability to recover the
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instrument at the end of the flight, makes a balloon borne platform a very attrac-
tive alternative. BLAST–Pol’s negligible atmospheric contamination, fast mapping
speed, and resolution permit it to significantly exceed the performances of current
ground-based submm experiments.
NASA’s Columbia Scientific Balloon Facility (CSBF) supports long duration bal-
loon flights from the Williams Field LDB facility near McMurdo Station in Antarctica.
BLAST–Pol flew from this facility in 2010 and 2012 achieving an average altitude of
38000 m with a diurnal variation of ∼1800 m due to ambient temperature variations.
A relief valve at the top of the ballon and a ballast hopper full of sand placed below
the payload are used to adjust the altitude in case of drastic altitude variations.
Flying in Antarctica during the Austral summer has several advantages. The
winds at balloon altitudes set up as an anti-cyclone (circumpolar) in early December.
Because the Sun is up 24 hours a day, the diurnal temperature variations of the balloon
and payload are minimized. This provides a stable float altitude as well as minimizes
thermal variations of the optics. The small diurnal variation during the summer
season makes polar regions desirable for long duration flights. The low population
density also reduces the risk of accidents when the payload is terminated. Antarctic
flights are also convenient in terms of payload retrieval since the high vortex winds
that set up during the summer season, usually cause the balloon to circumnavigate
the continent at roughly the latitude of launch. For both BLAST–Pol flights a full
recovery was possible, with little or no damage to most of the components of the
telescope. In fact, after the 2010 flight, only the gondola frame needed to be replaced
and only 6 months were needed to rebuild the full instrument and restore it to flight-
ready condition.
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Figure 3.3: Atmospheric transmission plots at FIR and submm wavelengths at different altitudes generated with AT
software by Eric Grossman. The lower panel is the transmission at the summit of Mauna Kea in Hawaii where JCMT
and CSO operates. The sky is almost completely opaque at 250 m. Transmission is calculated for aircraft altitudes used
by the SOFIA instrument, as well as for long-duration balloon (35 to 40 km). Due to the low atmospheric column density
(∼0.5% of that from the ground), the atmosphere is mostly transparent. The BLAST–Pol bands are overlaid in color.
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3.2 Optical Design
The BLAST–Pol optical system was designed with to achieve high optical effi-
ciency and angular resolution. The system delivers a diffraction limited image of the
sky at the detector focal plane with 30′′, 42′′ and 60′′ beams at 250, 350 and 500 µm
respectively, with a field of view of for each array of 6.5 × 13.5′. The telescope
configuration is shown in Figure 3.4. Both BLAST06 and BLAST–Pol use an ambi-
ent temperature Ritchey-Chre´tien telescope, with a 1.8 m diameter, f/5 aluminum
primary mirror (M1) and a 40 cm aluminum secondary mirror (M2) initially (see
section 4.1.4) suspended by four carbon fiber struts attached to the perimeter of the
primary.
The temperature of the warm optics do not remain constant during the flight.
Temperature variations of the primary mirror of ∼10◦ are driven by the diurnal
elevation changes of the Sun (see Chapter 5). A motorized system enables in flight
refocusing by adjusting the position of the secondary to correct for thermally induced
changes in the curvature of the optical surfaces.
The Cassegrain telescope (M1 and M2) focuses the incoming radiation ∼20 cm
behind the primary’s surface where it is re-imaged by a series of cold (∼1.5 K) re-
flective optical elements (M3, M4, M5) comprising an Offner relay. A baﬄed Lyot
stop (M4), located at an image of the primary mirror, defines the illumination of the
primary, the Gaussian taper near the primary’s circumference. A hole in the Lyot
stop’s center prevents ghosting (and loading) from the on-axis secondary. In this hole
there is a calibrator source (the cal-lamp) which is flashed periodically throughout
the flight as a monitor of the change in responsivity of every detector on all three
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Cold Optics
(a) Optical layout of the BLAST–Pol telescope.
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(b) Optical layout of the BLAST–Pol receiver.
Figure 3.4: Optical layout of the BLAST-Pol telescope and receiver is show on top,
and the 1.5 K optics, located within the cryostat, are shown in the expanded view
at the bottom. The image of the sky formed at the input aperture is re-imaged onto
the bolometer detector array at the focal plane. The mirror M4 serves as a Lyot stop
defining the illumination of the primary mirror for each element of the bolometer
array. The three wavelength bands are separated by a pair of dichroic beam splitters
(not shown), which are arranged in a direction perpendicular to the plane, between
M5 and the focal plane. The sapphire half-wave plate is shown, placed ∼19 cm behind
the focus of the telescope, in between the Cassegrain focus and M3.
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M1 M2 M3 M4 M5
Nominal Shape Paraboloid Hyperboloid Sphere Sphere Sphere
Conical Constant -1.029 -2.853 0.000 0.000 0.000
Radius of Curvature 4.186 m 1.154 m 348.6 mm 174.3 mm 348.8 mm
Aperture 1.816 /© m 0.399 /© m 95×75 mm 36.8 /© mm 95×75 mm
Table 3.1: Physical properties of the Cassegrain telescope element (M1 and M2) and
cold re-imaging optics elements (M3,M4,M5).
arrays as a function of time. Table 3.1 summarizes the telescope parameters.
The radiation emerging from M5 is split by two, sequential, low-pass-edge dichroic
filters [Ade et al., 2006] into three 30%-wide wavelength bands centered at 250, 350,
and 500 µm; Figure 3.5 is a cutaway view (b) and photograph (a) of the cold optics
box taken just before the cool down in December 2012. The first dichroic reflects
wavelengths shorter than 300 µm and transmits longer wavelengths. The second
dichroic reflects wavelengths shorter than 400 µm and transmits longer wavelengths.
The band is further refined by filters placed directly in front of the feed-horns, and by
the waveguide frequency cutoff at the end of the bolometer feed horns. The spectral
characterization was made using a Fourier Transform Spectrometer (FTS) during the
integration campaign at CSBF, the response is shown in Figure 4.1. As expected, we
find that the spectral response of the instrument is identical to what was measured
prior to the 2006 flight [Pascale et al., 2008]. More information about the BLAST
telescope design can be found in Olmi [2002] and Pascale et al. [2008].
The primary mirror was damaged after the 2006 flight so a new one was produced
for the 2010 flight. It had a surface rms of ∼0.5 µm and an overall shape accuracy
good to ∼13 µm. The secondary mirror, also recovered after the BLAST 2006 flight
from Antarctica (BLAST06), has been reused for BLAST–Pol after being resurfaced
and polished. Both mirrors were measured separately in the lab with the aid of a
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(a) Photograph of the BLAST–Pol optics box.
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(b) Cutaway view of the optics box solid model.
Figure 3.5: Layout of the BLAST–Pol optics box. The light enters from the lower
left and is re-imaged onto the BDA. Dichroic filters split the beam into each of the
BDA for simultaneous imaging of the sky at 250, 350, and 500µm. A modulating
HWP is placed between the entrance to the optics box and M3, and polarizing grids
are mounted directly in front of each BDA. The HWPR is mounted on the 4K stage
∼16 cm from the Cassegrain focus.
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FARO R© Laser Tracker device to verify their surfaces.
Unfortunately, while preparing for the 2012 flight, a deformation of the mirror
was found that must have been present for the 2010 flight. Extensive tests revealed
that the presence of side lobes on the primary beam was originating at the telescope.
Specifically, there was a deformation of the primary mirror caused by the weight
of the secondary mirror transferred by the support struts to the primary mirror, as
discussed in Section 4.1.4 (see Figure 4.6). The problem was addressed by developing
a new system that supported the secondary mirror without inducing any deformation
of the primary mirror. This was achieved by relocation of the attachment points from
the perimeter of the primary mirror to the edges of the gondola inner frame. This
way we increased the active surface of the primary and reduced the loading from the
telescope. Figure 4.8 shows a three-dimensional reconstruction of the telescope beam
for a representative pixel at 500 µm before and after the fix was implemented.
3.3 Detector Array
The BLAST–Pol focal plane is comprised of 139, 88, and 43 bolometers at 250,
350, and 500 µm, respectively. They are kept at ∼300 mK (see Section 3.5). Each
array is made from a single silicon-nitride wafer. A Neutron Transmutation Doped
(NTD) germanium thermistor glued to a silicon-nitride (Si3N4) micromesh “spider-
web” [Bock et al., 1998] etched from the wafer is supported above a backshort and
coupled with a 2fλ spaced smooth-walled conical feed-horn and constitutes a detector.
The design of the arrays, horns and suspension system are based on the Hershel
SPIRE instrument detectors [Chattopadhyay et al., 2003]. The spider web design
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Telescope temperature 300 K
primary mirror 1.8 m
effective focal length 9 m
f# 5
antenna efficiency 80 %
emissivity 0.06
cold optics f# 3
Detectors temperature 270 mK
bolometer optical NEP 3.0 × 10−17 WHz−1/2
thermal time constant τ 2 ms
bolometer quantum efficiency 0.8
bolometer feed-horn efficiency 0.7
pixel throughput AΩ = λ2 (2fλ feed-horns)
Bands central wavelength 250 µm 350 µm 500 µm
number of light detectors 149 88 43
number of dark pixels 2 2 2
number of resistors 1 1 1
number of thermistors 2 2 2
thermal conductance G (pW/K) 800 640 480
nominal beam FWHM 36′′ 42′′ 60′′
array field of view 6.5′ × 13.5′
filter widths (λ/∆λ) 3
observing efficiency 90%
Table 3.2: Nominal and measured parameter of the BLAST–Pol telescope and BDA
provides low mass which reduces the thermal time constant of the device as well as
reducing the cross section to cosmic rays (see Figure 3.6).
Detector sensitivity is limited by photon shot-noise from the telescope, a regime
usually referred as background limited photon (BLIP) noise. The resistance profile
of the NTD thermistor is given by:
Rb(T ) = R0e
√
∆/T , (3.1)
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Figure 3.6: Left: The 500µm detector assembly showing the top of the feed horn
array. Right: A 500µm bolometer (top) and array (bottom) are shown on the right.
where R0 = 55Ω and ∆ = 50K are characteristics typical of these kind of bolometers
[Marsden, 2007]. The thermal response of the absorbers is described by two time con-
stants, one thermal τT ≈ 2ms and one electrical τE ≈ 50ms. These are characterized
by examining the bolometer response to cosmic ray interactions [Crill et al., 2003,
Rex, 2007].
3.3.1 Bolometer Noise
The ultimate sensitivity of the system is driven by the bolometer noise. It is
important to minimize the three main sources of noise in a bolometer which consist
of electrical Johnson noise, thermal phonon noise, and photon noise. The detectors
and the readout electronics are designed so that the sensitivity is ultimately limited
by the photon BLIP noise. To achieve this performance, other contributions to the
bolometer noise have to be controlled.
One intrinsic problem can be thermal phonon noise, resulting from random fluc-
tuations in energy moving across the thermal link between the absorber and the heat
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sink. If G is the thermal conductance of the absorber, and T0 the bath temperature,
this can be characterized by the bolometer Noise Equivalent Power (NEP) expressed
as:
NEPT =
√
4kBT 20G . (3.2)
Likewise, there is thermal noise in the NTD thermistor due to its impedance, R,
known as Johnson noise, which contributes as:
NEPJ ∝
√
4kBT0R . (3.3)
Maximum sensitivity occurs when G = Q/T0 [Mather, 1984], for a given background
load Q, which for the BLAST bolometer arrays have been optimized for loads of 55,
40, and 30 pW at 250, 350, and 500µm [Marsden et al., 2008].
Photon noise (BLIP) is due to fluctuation in the photon flux generated by photons
of foreground or background sources (e.g. atmosphere, cosmic background radiation,
etc.). The NEP due to BLIP noise can be expressed as:
NEPphoton = 2ηkBTA
√
∆ν , (3.4)
where η is the bolometer absorption efficiency, TA the antenna temperature, and ∆ν
the bandwidth. The total NEP noise is then:
NEP =
√
NEP 2photon +NEP
2
T +NEP
2
J . (3.5)
At high frequencies, the bolometers are described by white noise, but the noise in-
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Band 250 µm 350 µm 500 µm
number of detectors 149 88 43
nominal FWHM [arcsec] 36 42 60
Bolometer Optical NEP [WHz1/2] 3.0×10−17
Time Constant [ms] 2
Spectral Noise [µVHz1/2] 3 2.6 2.5
1/f Knee [mHz] 55 52 56
Responsivity ]V/MJySr−1] 1.13×10−7 2.64×10−7 5.18×10−7
Sensitivity [MJySr−1s1/2] 1.54 0.74 0.52
Beam area [deg2] 1.13×10−4 1.54×10−4 3.14×10−4
Noise Equivalent Flux Density [NEFD] [mJy/beam s−1/2] 53.13 34.79 49.75
depth [1σ, 5 hr, 1deg2] [MJy sr−1] 2.05 1.25 0.44
depth [1σ, 50 hr, 1deg2] [MJy sr−1] 0.65 0.40 0.14
Polarization Sensitivity [0.5% Pol., 5 hr, 1deg2] [MJy sr−1] 410.66 249.94 87.56
Polarization Sensitivity [0.5% Pol., 50 hr, 1deg2] [MJy sr−1] 129.86 79.04 27.69
Instrumental Polarization [%] 0.71 0.10 0.16
Polarization Efficiency [%] 80 77 85
Table 3.3: BLAST–Pol loading, noise, and nominal sensitivities
creases strongly at low frequencies, a phenomenon known as 1/f noise [Mather, 1984].
We find, however, that a large fraction of the bolometer signals is common-mode be-
tween all bolometers and can be subtracted. Table 3.3 gives estimated detector Noise
Equivalent Flux Density (NEFD), loading, and sensitivities.
3.3.2 Readout Electronics
The BLAST–Pol readout electronics are designed and built in order to suppress
noise at frequencies below a few Hertz where thermal fluctuations and microphonics
dominate and increase with a 1/f dependence. A schematic is shown in Figure 3.7.
To reduce this effect the bolometers are biased with an AC voltage with a sine wave
at ∼200.32 Hz, a frequency much higher than the frequency of the signal on the sky,
where the 1/f noise is negligible. This sine wave is generate by dividing down the
main 32 MHz clock used by the readout electronics and it can be tuned in amplitude
and phase for each bolometer array with a range from 0 to ∼110 mV at 7 bits of
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Figure 3.7: Schematic representation of the bolometer read-out electronics.
resolution. The bias is also sent to the Data Acquisition System (DAS) for reference.
In flight, both phase and bias are stepped for each array. To optimize the detector
sensitivity in flight, both phase and bias are stepped with a cal-pulse between steps.
The optimum phase and bias are then set for the remainder of the flight.
The bias is sent to the bolometers which are connected in series with a pair of
7 MΩ load resistors to provide constant current across the thermistor so that the
change in resistance is reflected as a voltage drop across the bolometer. This output
signal is amplified by a differential Junction Field Effect Transistor (JFET) module
with noise 5–7 nV Hz1/2, placed in a cavity inside the cryostat very close to the
bolometer arrays and held at ∼145 K to minimize noise from the bolometer signal at
as early a stage as possible.
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The pre-amplified bolometer signal travels outside the cryostat to a second stage
of amplification and filtering which is done in the Receiver Electronics Crate (REC).
Here the signal is filtered with a bandpass filter centered at ∼200 Hz with a bandwidth
of 100 Hz and amplified with a gain of ∼150.
The amplified AC signal is then sent to the DAS crate, composed of 15 custom
built, multipurpose 24-bit Analogue-to-Digital Converter (ADC) cards used for lock-
in, digitalization, and further filtering. The result is sent to the flight computer where
it is synchronized with the pointing information. In the DAS, the signal coming
from the preamps and the reference bias are digitized at a sampling rate of 10 kHz
and then sent to a lock-in amplifier where the bolometer signal is locked-in to the
reference signal and low pass filtered in a series of four boxcar filters that blocks high
frequencies that would generate aliasing in the signal with first null at 50 Hz, the
Nyquist frequency. The signal is then down sampled to the DAS sampling frequency
of 100.16 Hz.
3.4 Polarimetry
The BLAST–Pol instrument is a modification of the BLAST telescope with the
addition of linear polarizers. Ideally the instrument would utilize dual polarization
detectors capable of measuring simultaneously both polarizations in each horn so
that the Stokes parameters, Q and U , could be determined in real time and both
vectors would be measured on exactly the same point in the sky at the same time.
BLAST–Pol has only a single polarization for each feed, determined by a photo-
lithographed polarizing grid, placed within 6 mm of the opening of the horn. A
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Figure 3.8: Front and isometric view of the 90 mm diameter sapphire half-wave
plate and rotator. It uses a 5-plate Pancharatnam design with anti-reflection coating.
The gear train was designed and flown in both BLAST–Pol Antarctic flights. The
motorized mechanism for rotating the waveplate is outside of the cryostat.
Pancharatnam-style broad-band Achromatic Half–Wave Plate (AHWP) [Pancharat-
nam, 1955], located about halfway between the entrance of the optics box and M3
(∼16.5cm from the Cassegrain focus), modulates the incoming polarization incident
on the linear polarizer[Moncelsi et al., 2012] in front of each detector and consequently
changes the polarization detected. Despite the difficulties in manufacturing broad-
band halfwave plates, the technique has been used extensively in the millimeter and
submillimeter wavelengths [Renbarger et al., 2004, Hanany et al., 2005, Pisano et al.,
2006, Savini et al., 2006, 2009, Johnson et al., 2007, Li et al., 2008, Matsumura et al.,
2009, Bryan et al., 2010, Dowell et al., 2010].
The AHWP is mounted inside the optics box onto the cold plate at 4 K as far as
practical from the Cassegrain focus to minimize the potential of localized defects in
the sapphire plates affecting the polarization as the AHWP is rotated between four
discrete angles to modulate the Stokes parameters Q and U . The BLAST–Pol HWP
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[Moncelsi et al., 2012] is 10 cm in diameter and made of 5 layers of sapphire each 500
µm thick glued together with a 6 µm layer of polyethylene and each surface of the
HWP incorporates a metal mesh anti-reflecting coating [Zhang et al., 2009].
The rotator (shown in Figure 3.8) is driven via a gear train by a G-10 shaft
leading to a stepper motor mounted outside the cryostat and sealed using a ferrofluidic
vacuum feedthrough2. A potentiometer mounted on the hub of the AHWP is used
to determine the rotation angle at 4 K by making light contact with photo phosphor
bronze leaf springs. This approach has also been used successfully in the SPARO
instrument at the South Pole [Novak et al., 2003, Renbarger et al., 2004]. The exposed
metallic surfaces of the rotator assembly are blackened with a mix of Silicon Carbide
70-270 SIEVE size3, charcoal activated carbon powder and Stycast R© 2850 FT epoxy,
to prevent unwanted reflections from stray light.
The HWP modulation efficiency was measured during lab tests carried out at
Cardiff at a temperature of ∼120 K. The HWP modulation efficiency is defined as
(T 0
◦
cp −T 0
◦
xp )/(T
0
◦
cp +T
0
◦
xp ), where T
0
◦
cp and T
0
◦
xp are respectively the “co-pol” and “cross-
pol”, the spectral transmission response of the HWP, with its axis at 0◦ between
parallel and perpendicular polarizers, respectively. Figure 3.9 shows the predicted
co-pol and cross-pol transmission and modulation efficiency of the BLAST–Pol HWP
at 4 K.
The grids (Figure 3.10) are patterned to alternate the polarization angle sampled
by 90◦ from horn-to-horn and thus bolometer-to-bolometer along the scan direction.
This configuration allows the rejection of common-mode noise correlated among de-
tectors (1/f noise). During a typical scan, a source in the sky passes along a row
2FerroTec Corporation
3Fisher R© Scientific
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(a) Predicted modulation efficiency as a function of frequency, obtained as (T0
◦
copol-
T0
◦
xpol)/(T
0
◦
copol+T
0
◦
xpol). Note that the y-axes scale ranges from 0.8 to 1.
(b) The black line shows the HWP predicted transmission, T0
◦
copol, between two parallel
polarizers (Q = 1 → Q = 1 with the HWP axis at 0◦. The blue line shows (Q = −1 →
Q = −1 in the same reference frame (or equivalently Q = 1 → Q = 1 with the HWP axis
at 90◦). The red line shows the transmission, T0
◦
xpol, with the HWP axis at 0
◦between two
perpendicular polarizers. The BLAST–Pol bands are overlaid in color.
Figure 3.9: Predicted performance of the BLAST–Pol HWP at 4 K, extrapolated
from a set of spectral data collected with the HWP cooled at ∼120K [Moncelsi et al.,
2012].
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Figure 3.10: Left: Photograph of the grid after fabrication. The inset is a detail of
the grid between two neighbor pixels that shows the the 90◦–alternated grid pattern
along the scan direction. Right: Photograph of the grids mounted on the 350µm
BDA assembly viewed through the reflection of the tilt mirror.
of detectors, and the time required to measure one Stokes parameter (Q or U) is
just equal to the angular separation between bolometers divided by the scan speed.
The scan speed is chosen so that an entire azimuthal scan is short compared to the
characteristic low frequency (1/f) noise knee for the detectors at 0.0035 Hz [Pascale
et al., 2008].
In flight, four HWP position angles were used (0, 22.5, 45, and 67.5◦). The HWP
was stepped at the end of each scan, approximately every 15 minutes. The system
worked well during both BLAST–Pol Antarctic flights with <1% of the data lost
because of failed HWP moves.
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Figure 3.11: Cross section of the BLAST–Pol cryostat.
3.5 Cryostat
The BLAST–Pol cryogenic system is one of the most complex subsystem of the
experiment. A full description of its construction and operation can be found in
Truch [2007]. The liquid helium and liquid nitrogen cryostat was built by Precision
Cryogenics4. The cryostat was designed to have a hold time of > 11 days. A schematic
cross-section of the system is shown in Figure 3.11 while Table 3.4 summarizes the
principal aspects of the system.
The inner components are kept into a 0.6 m diameter aluminum vacuum outer
4see http://www.precisioncryo.com/
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Capacity Holdtime
Liquid Nitrogen 55 l 15 days
Liquid Helium 42 l 13 days
3He 0.01 (5 J) 76 hours
3He maxload at 300mK 239 µW
3He recycle time 90 minutes
3He recycle energy required 50 J
4He pumped-pot temperature 1.8 K
4He pumped-pot volume 110 ml
4He pumped-pot load on L4He through capillary 23 mW
Table 3.4: Summary of Relevant Cryogenics Characteristics.
shell, used to reduce the thermal load by minimizing convection from the external
environment. The upper half of the vacuum shell hosts a ∼ 55 l cylindrical tank for
liquid nitrogen which maintains the outer radiation shield at 77 K, this surrounds
a ∼ 42 l cylindrical tank for liquid helium that keep the inner radiation shield and
cold plate at 4.2 K. Both tanks are pressurized to 1 ATM by an absolute pressure
regulator custom made TAVCO5 valves. An intermediate stage, the vapor-cooled
shield (VCS), is used to to reduce the loading on the helium bath by acting as heat
exchanger for the boil-off venting from the helium tank. Its temperature sits at around
∼35 K. These three shields are covered with twenty perforated layers of aluminized
Mylar R© Multi-Layer Insulation (MLI) to further reduce radiative load. Each shield
is completely enclosed within the previous one and mechanically mounted with low
thermal conductivity G10 fiberglass tubes. They fully surround the bottom half of the
cryostat vacuum shell that houses the optics box, which contains the cold re-imaging
optics and BDA.
5Tavco, Inc., 20500 Prairie Street, Chatsworth, CA.
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To pump
Liquid 4He - 4K 
Heat Strap
Heater
4He Reservoir 
3He Evaporator
260 mK
Condenser Plate - 1 K
Charcoal
Capillary
4He Pumped Pot 
Figure 3.12: Annotated schematic of BLAST–Pol 3He refrigerator.
The vacuum shell holds a ∼7.5 cm diameter window made of 0.5 mm thick high-
density Polypropylene which is carefully aligned with the telescope optical axis. This
was replaced in the BLAST-Pol 2012 flight from Antarctica (BLAST-Pol 2012) with
a similar one but with a hot press layer of porous Polytetrafluoroethylene (PTFE)
(opaque in the optical and transparent in the submillimeter) in order to protect it
from direct illumination from the Sun, which also acted as an anti-reflection coating.
Each shielding stage (77 K, 35 K, and 4 K) holds an IR blocking filter to reduce
thermal loading.
The 3He is condensed by the ∼1.5 K pumped pot and collects in the 3He cold
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stage, cooling down the optics box. The BDA is cooled to ∼300 mK with 30 µW of
cooling power for as long as 4 days in ideal conditions. Figure 3.12 shows a schematic
representation of the BLAST–Pol cooling system.
During the initial cool down the system is brought to 4.2 K using a gas-gap
heat switch that couples the fridge to the 4He cold plate. Once thermal equilibrium
is reached the switch is turned off and 4He is pumped into a ∼ 110 ml reservoir
(pumped pot) through a 36 inches long stainless steel capillary. The pumped pot
cools the optics box and cold re-imaging optics to 1.5 K with 23 mW of cooling
power. On the ground the vacuum in the reservoir is achieved by using a mechanical
pump. A few minutes before launch a motorized valve closes the pumped pot inlet
and the pump line is removed. As the balloon rises, the outside pressure goes down.
The valve is open and the pressure difference between main tank (kept at 1 ATM)
and the atmospheric pressure (∼0.005 ATM) forces helium into the pot. The stainless
steel capillary plays an important role since its length and diameter regulates the flow
of helium and hence the hold time of the cryostat. Both BLAST–Pol flights used a
capillary with nominal flow of 0.03 l hr−1, about half of the capillary flow compared
to BLAST06. This is particularly important because a capillary with lower flow rate
reduces the loading of the 3He refrigerator and decreases the consumption of liquid
He allowing a longer cryogenic hold time, and therefore, a longer flight.
Recycling the fridge takes approximately 1.5 hours from the heating phase of
the charcoal until the BDA reaches thermal equilibrium at about 300 mK. During
this period scientific data cannot be collected. However the refrigerator can run up
to 76 hours between cycles with a typical flight loading. In BLAST-Pol 2012 the
performance of the 3He fridge was nominal, while during the BLAST-Pol 2010 flight,
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Figure 3.13: A Solid Works 3-D model of BLAST–Pol fully assembled in the BLAST-
Pol 2012 flight configuration. Major components are annotated in Figure 3.2.
a possible ice clog in the stainless steel capillary or in the pump line, probably due
to a premature opening of the pot valve, forced recycling the fridge every 48 hours
3.6 Gondola
The BLAST–Pol gondola design is largely based on the BLAST gondola and pro-
vides a pointing platform which supports the telescope. Figure 3.2 shows a schematic
layout of the gondola while Table 3.5 provides some of the gondola characteristics. It
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consist of three main parts primarily made of 6061 Aluminum Alloy: an outer frame
which can be pointed in azimuth; an inner frame which points in elevation; and a set
of sunshields.
The outer frame is suspended by four steel ropes from a motorized pivot and
attaches to a 1.1x106 m3 helium balloon. The balloon, provided by NASA CSBF,
connects to the pivot through a steel cable ladder and parachute. The outer frame
hosts the Flight Computer (FLC), the Attitude Control System (ACS) and the power
system. The azimuthal reaction wheel is mounted at the center of the outer frame
and below lies the CSBF’s Support Instrument Package (SIP). For flight, a ballast
hopper is placed on the very bottom of the outer frame.
Weight 2000 Kg
Height 8.5 m
Batteries 80 Ah at 24 V
Solar Panels Output 573 W at 60◦angle
Electronics Power Consumption 370 W
Table 3.5: Summary of selected BLAST–Pol Gondola Characteristics.
On the top of the outer frame are bolted two pyramidal structures upon which
is mounted the inner frame through an elevation drive motor and a free elevation
bearing, these two points define the elevation axis around which it is free to rotate
with respect to the outer frame. The inner frame provides the structure to mount the
telescope. The primary mirror is mounted at three points on a flat machined surface
on the front face of the inner frame. The cryostat and its readout electronics crates
(DAS and preamplifiers) are mounted within the inner frame, directly behind the
mirror. The top side of the frame supports two pedestals where the two bore-sight
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star cameras are rigidly mounted with respect to each other in order to ensure that
mechanical alignment is maintained through the flight. The inner frame is dynam-
ically balanced, the change in the center of mass position do to cryogen blowoff is
compensated by a hydraulic system that moves fluid from the bottom to the top of
the inner frame.
The outer frame hosts an array of aluminized Mylar R© covered light-weight tubing
that comprise Sun shields that protect the telescope from solar radiation and signifi-
cantly reduce the extent of thermal changes in the optics attached to the inner frame.
In addition, a new 4 m-long carbon-fiber shield attached to the inner frame around
the perimeter of the primary mirror was designed and built to allow pointing the tele-
scope within 45◦ of the Sun and to observe targets close to the Galactic center (e.g.
Lupus). At the top of the sunshield a Hexcel R© aluminum honeycomb shelf prevents
the pivot from hitting the telescope.
The Sun shields also determine the telescope’s observation limits. The lower limit
of ∼19 deg is set by the chin, a structure mounted forward of the outer frame to
provide additional shielding from the ground. The upper elevation limit is at ∼55 deg,
set by the interference of the carbon fiber shield with the suspension cables. The left
hand side of the gondola was not completely covered in Mylar R© because the observing
schedule had no solar illumination from this side. It also provided a convenient path
for radiatively cooling the electronics to the sky.
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3.7 Pointing and Attitude Sensors
The telescope’s attitude is controlled by three motors: one regulates the speed of
a high-moment-of-inertia reaction wheel used for pointing in azimuth; another, in one
of the bearings supporting the inner frame, points the telescope in elevation; and a
third, in the active pivot, is used primarily to unwind the flight train which can build
up torque if winds cause the balloon to spin. In an emergency, such as a failure of the
reaction wheel, it can be used to point the telescope in azimuth. All three motors are
driven by using a proportional-integral-derivative (PID) control system implemented
in the ACS which is fed by the input from the pointing sensors as described in Wiebe
[2008] and Pascale [2007].
The azimuth pointing is controlled by a direct drive brusheless DC Direct Drive
Rotary servomotor6 mounted on the central beam of the outer frame and attached
to a high moment of inertia reaction wheel. The flywheel is 1.5 m in diameter and
constructed of 7.62 cm thick Hexcel R© aluminum honeycomb material, its moment of
inertia is maximized by distributing the bulk of its mass along the perimeter (∼0.7 m
from the center of the disk) in 48 0.9 kg brass cylinders. To point in azimuth,
the torque motor spins the flywheel transferring angular momentum to and from
the gondola, allowing precise control over the azimuth velocity of the telescope with
minimal latency. The active pivot,a custom made motorized swivel based on a Parker
BaySide K178200-6Y1 frameless DC motor, provides additional azimuthal torque by
twisting the flight train and can also be used to transfer angular momentum to the
balloon over long time scales.
The position of the inner frame is controlled by a DC Cartridge Direct Drive
6Kollmorgen D063M-22-1320
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Rotary servomotor7 mounted on one side of the elevation axis, and read out by a
16-bit shaft encoder. On the other side, a free bearing provides the connection point
between the inner and outer frame.
3.7.1 Active Pointing
Targets are observed using slow scanning speed, with constant azimuthal velocity
(<0.1◦ s−1) and elevation steps at 1/3 of the array’s 7′ field of view (FOV). Due
to the small atmospheric contribution at float, the very short time constants of the
detectors, and reasonably stable conditions in the cryostat, slow scanning speed is
preferable to a mechanical chopper for mapping large regions of the sky [Hildebrand
et al., 2000]. We are able to scan at speeds slow enough that the star cameras could
get mid-scan solutions and yet complete scans fast enough to beat the 1/f noise in
the detectors.
In-flight pointing accuracy is measured to be <1′. Real time pointing is achieved
through a dynamic algorithm that takes input from multiple redundant low- and
high-resolution sensors, accesses their instantaneous reliability, and creates a point-
ing solution from the most reliable sensors at a particular time. The pointing sensors
flown in 2012 include: six integrating fiber-optic gyroscopes, two Charge-Coupled
Device (CCD)-based star cameras (see Section 3.7.2); an elevation encoder; two in-
clinometers; a magnetometer; four Sun sensors; and a differential GPS (used only on
the 2010 flight). The Master Control Program (MCP) determines the quality of the
data for each sensor and automatically shifts to the next available sensor if there is a
problem.
7Kollmorgen C053A-13-3305
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Component Specifications
Camera QImaging Retiga-EXL
CCD Sony ICX285
Chip Size (pixels) 1392×1040
Pixel size 6.45 µm× 6.45 µm
Quantum efficiency at peak response 60%
Range of maximum spectral response 400-800 nm
Digital output 14 bit
Well depth 18000 e−
Readout noise 6.5 e−
Dark Current 0.15 e−pix−1s−1
Lens diameter 100 mm
Focal length 200 mm
Lens f# f/2
Plate scale 6.652′′ pix−1
Field of View 2.75◦× 1.92◦
Filter cut-off low pass at 600 nm (Nikon R60)
Computer model PC/104-Plus MSM800SEV
Table 3.6: Specifications of the two BLAST–Pol Star Trackers for readout frequency
of 10 MHz in “high-sensitivity” mode.
Post flight reconstruction uses only the gyroscopes and star cameras and it was
accurate to better than 5′′ in the first three flights [Pascale et al., 2008] and improved
to <3′′ for the 2010 flight. For the 2012 flight the loss of one star camera at the
beginning of the flight resulted to a post flight pointing reconstruction of <5′′ .
3.7.2 The Day Time Star Trackers
The BLAST–Pol main absolute pointing sensor is a pair of redundant bore-sight
star trackers commonly referred as ISC and OSC that can be used at balloon altitudes
(∼38000 m). The star cameras were originally built and developed for BLAST [Rex
et al., 2006]. Each camera is enclosed in a pressure vessel which also contains a
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Star Camera Computer (SCC) built from a PC/104 stack, Table 3.6 summarizes the
characteristics of the two cameras and full details of the star camera construction can
be found in Rex et al. 2006, Rex 2007, Pascale et al. 2008.
The star cameras communicate with the flight computer via Ethernet and during
normal operations the software running the SCC acquires a picture of the sky and
identifies star candidates. It then matches them to a catalogue, determines the star
position, and computes the position and rotation of the image on the celestial sphere
in equatorial coordinates which is then sent to the flight computer as an input into
the in-flight pointing solution.
Both star cameras performed well during the BLAST-Pol 2010 flight from Antarc-
tica (BLAST-Pol 2010) flight, while in BLAST-Pol 2012 one stopped working a few
hours after launch and the second, whose performance was slightly degraded by the
possible presence of dust particles on the camera CCD, stopped working after day 6.
The reason for the star camera failure in the BLAST-Pol 2012 flight was found to
be related to a known firmware anomaly in the Solid State Drive (SSD) used in the
computer stack, an Intel R© 320.
3.7.3 The Fiber Optic Gyroscopes
BLAST–Pol uses two sets of three fiber-optic gyroscopes8 mounted on the gon-
dola inner frame. Each set of gyroscopes measures the angular velocity components
along the three orthogonal axes which can be measured at any given time. Tem-
perature gradients can cause offsets to the zero velocity set point, so the gyroscope
temperatures are thermally regulated. During the BLAST-Pol 2012 flight, the gyro-
8KVH Industries, Inc., model DSP 3000
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Figure 3.14: Typical configuration of an Interferometric Fiber Optic Gyroscope. The
source laser beam is spit in two and each portion is injected at both extremity of a
fiber optic coil. An interferometer measures the phase shift between the two emerging
beams, which is a function of the angular velocity at which the coil rotates.
scope temperature varied by ±5◦ C with a maximum gradient of about 1◦ C hr−1.
Figure 3.14 shows a typical fiber optics gyroscope setup.
The angular random walk noise for the DSP 3000 is 4′′ s−1/2. They provide a
single analog output which is fed to an ADC card in the ACS where it gets filtered
and then used for the in-flight pointing solution with a negligible (∼2 ms) filtered
delay gyro signal [Wiebe, 2008, Pascale, 2007].
3.7.4 The GPS
In BLAST-Pol 2010 we flew a PolaRX4 Pro R© Septentrio GPS used to provide
geographic coordinates (latitude, longitude, and altitude), attitude (pitch and roll),
time, and speed of the gondola. Four antennae where installed on the top of the
payload above the sunshields to provide an unobstructed view of the sky. The antenna
separation was approximately 4 meters by 1.5 meters.
71
For the BLAST-Pol 2012 flight we decided utilize the output data collected by
the CSBF GPS, for the in-flight pointing solution, instead of flying an independent
device.
3.7.5 The Sun Sensors
A coarse azimuth pointing sensor used by BLAST-Pol 2010 and BLAST-Pol 2012
was a set of pin hole Sun sensors mounted on the outer frame on the front and
back side of the gondola. Each sensor has a field of view of ∼40◦. Each consists
of a photodiode located behind a glass neutral density filter with a pin-hole. It
provides continuous position data in X and Y coordinates of the light spot produced
by the Sun’s illumination crossing the pin-hole aperture. Combined with the position
information provided by the GPS, it provides short-time, relative precision of ∼6′
but an overall absolute accuracy of 5◦.
3.7.6 The Magnetometer
A three-axis, flux gate Honeywell9 magnetometer is also used to provide coarse
azimuth pointing of the gondola. Mounted on the very front of the gondola on the
chin, it measures the flux of the Earth’s magnetic vector through two orthogonal coils.
Attitude is determined by applying the measured vectors to the National Oceanic
and Atmospheric Administration (NOAA) World Magnetic Model (WMM)10. The
model is updated every 5 years and only accounts for the Earth’s interior field with
an accuracy of ∼10%. The precision is quite poor since near the polar regions the
9http://www.magneticsensors.com/
10WMM-2012 National Geospatial-Intelligence Agency (NGA).
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magnetic field lines are highly inclined. So, while it is intrinsically very precise (once
characterized), the overall pointing solution is good to only about 5◦.
3.7.7 The Elevation Encoder
The elevation encoder is the primary coarse elevation sensor. It is a 16-bit absolute
encoder, mounted directly on the elevation motor. The encoder gives a 20′′ pointing
precision in the measurement of the relative rotation of the inner frame with respect
to the outer frame. Pendulations and uncertainty in the pitch of the outer frame
degrade its usability as an absolute elevation sensor, resulting in an overall accuracy
of ∼30′.
A biaxial inclinometer11 mounted on the inner frame is used as a back-up sensor
for the elevation encoder. The inclinometer is a secondary attitude sensor since it is
not sensitive to pendulations and it is easily subject to thermal drift
3.8 Thermal Environment
The thermal environment in balloon-born flights is a challenging aspect that needs
to be carefully addressed. The payload is exposed to temperatures that can range from
-40◦ C in the tropopause to +40◦ C because direct illumination from the Sun. With
no convecting cooling at float, bare aluminum can reach and equilibrium temperature
of ∼170◦ C. The diurnal variation of the Sun position dominates the radiative envi-
ronment at float altitude where the payload is above 99.5% of the atmosphere, making
the coupling to air negligible and no thermal convection can take place. Radiative
11Applied Geomechanics Clinometer Packs
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transfer remains the main heat transfer process.
Both BLAST–Pol LDB flights happened during the Antarctic summer with the
implication that the payload is continuously exposed to the sunlight during the whole
flight. The gondola is almost completely enclosed by sunshields (show in Figure 3.13),
which shades the optics from the Sun and maintains a stable thermal environment for
the electronics. The sunshield frames are manufactured by thin wall aluminum tubing,
and covered with aluminized Mylar R©. Mylar R© emits more efficiently in the infrared
than it absorbs in the visible, keeping areas exposed to the Sun at temperatures of
∼45◦ C.
All metal surfaces that might be exposed to sunlight are coated with white paint,
which changes the optical properties of the surface increasing their emissivity, or cov-
ered with aluminized Mylar R©. The gondola frame provides a natural effective heat
sink to most of the instrumentation which is firmly mounted on it. Figure 5.10
and 5.15 show the temperatures of a few representative components during the
BLAST-Pol 2010 and BLAST-Pol 2012 flights.
Thermal stability of the optical elements is also crucial for the performance of the
experiment, for this reason the primary mirror was thermally isolated from the inner
frame in both BLAST–Pol flights by using G-10 washers and an MLI blanket that
wrapped the entire bottom surface of the mirror.
3.9 Power System
The BLAST–Pol electronics are powered by an array of 15 (18 in BLAST-Pol 2012)
Sunpower A-300 mono-crystalline Si cell solar panels, grouped in set of 3 panels in
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series and attached to the back of the starboard side of the gondola, as shown in
Fig 3.13. The power provided by the solar array is stored in four Odyssey PC1200
lead-acid batteries. The charging of the batteries is regulated and controlled by
a TriStar MPPT-60 solar battery charge controller from Morningstar Corporation,
which limits the current supplied to the batteries to a maximum of 60 Amps.
During nominal float operation the instrument requires 370 W of power. However
during LOS operation, an additional 150 W are required to power the video and
telemetry transmitters to communicate with the payload. During large telescope
slews, the pointing motors may require an extra 150 W. At float, the solar arrays can
fully power the instrument at angles >60◦ from normal Sun incidence (see Table 3.6).
In BLAST-Pol 2012 the power system was split in two to minimize DC noise levels in
the receiver electronics generated by current pick up from the pointing motors. This
was achieved by splitting the four batteries into two sets of two and by using 1/3 of
the solar arrays to power the receiver system while the remaining 2/3 was used to
power the rest of the gondola.
3.10 Command and Control
The BLAST–Pol instrument is designed to operate autonomously in flight even
though scientists on the ground can monitor the performance of the instrument and
interact with it to adjust its behavior if necessary. Commanding is done through a
communication link provided by CSBF.
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3.10.1 Computing
The instrument is controlled by two redundant flight computers with 1.8 GHz
Intel R© Pentium R© processors. Though only one computer is in charge at all times
they both run MCP continuously, which controls all the aspects of the experiment,
including in-flight pointing and pointing control, thermal regulation and commanding
and telemetry. They also store a complete copy of the flight data in a 160Gb Intel R©
SSDSA2M160G2C SSD.
In order to operate with total autonomy the computers use a predetermined sched-
ule file which is prepared prior to launch to accommodate the visibility of sources
which varies every day. Six different schedule files are loaded prior to launch (see
Section 5.2).
The schedule file can be overridden by commands from the ground which may be
needed to optimize the science observations.. In order to do so, as mentioned above,
CSBF provides three bidirectional communication links through LOS, Tracking and
Data Relay Satellite System (TDRSS), and Iridium. The LOS is available only when
the gondola is within line-of-sight of the launch site while the other two are available
at all times throughout the flight.
3.10.2 Telemetry
While the payload is in line of sight, which usually last for the first 24–36 hours of
flight, a full speed downlink enables data transmission at 1 Mbps throughout the use
of three transmitters supplied by CSBF. Two of these broadcast video signal from the
star cameras, used for diagnostic purposes at the beginning of the flight, while the
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third broadcasts a 1 Mbit biphase-modulated data channel from the flight computer.
This is a large enough bandwidth to accommodate the entire data stream from the
computer, which samples the high priority data (ie. the bolometer signals and the
pointing sensors) in 100 Hz frames while the low priority are sent at 5 Hz.
After the payload leaves line of sight, communications rely primarily on a satellite
link. When available, a high-rate 6 kbit s−1 downlink is provided throughout NASA’s
TDRSS, the data are aggressively compressed and only critical diagnostic channels
are transmitted. When TDRSS is unavailable due to TDRSS black out periods, a
low-rate downlink which consist of one 255 8-bit packet every 30 seconds, through
the IRIDIUM satellite network is used. Unlike the high-rate, which includes several
bolometer signals, the low-rate contains only one bolometer (the central 500 µm
pixel) and the housekeeping data of the telescope, enough to monitor the health of
the telescope subsystems.
Manual commanding of the payload from the ground is also possible though all
the different communication options via radio uplink to the CSBF SIP. The TDRSS
uplink the preferred channel beyond line-of-sight with the downside that there are
only limited windows of time during the day when it is available for commanding.
Commands are sent through a Graphical User Interface (GUI) client, named narsil,
upgraded to the a new GUI named cow in BLAST-Pol 2012, which allows command
selection from a list, with descriptive parameter names echoing all commands sent to
a central log file.
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3.10.3 Flight Monitoring Tools
Real time data are displayed on the ground using the plotting software kst212, an
open-source time-stream plotter, which provides fast data access and easy manipula-
tion of data visualization. To augment kst2, a graphical snapshot program was also
used. This program, palantir (replaced with owl in BLAST-Pol 2012), displays the
most recent frame received by the ground station of important quantities and flags
values that are outside of a previously defined nominal range.
During the BLAST-Pol 2012 flight it was discovered that having the TDRSS an-
tenna downlink powered up was inducing unacceptable high Radio Frequency (RF)
noise in the bolometer time streams, possibly through the cryostat window. It was
decided to proceed with the flight and monitor the instrument performance by using
only the low-rate IRIDIUM satellite system and utilize TDRSS only during the avail-
able uplink windows. The TDRSS downlink was activated only in case of emergency.
This did not impact the flight performance. The same problem probably occurred
during the BLAST-Pol 2010 flight. The different physical position of the antenna
with respect to the 2012 flight and the sharp noise features generated by the current
pick up from the motors, made it hard to discover.
12http://kst-plot.kde.org/
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Chapter 4
Pre Flight Calibrations
A thorough program of testing of the telescope and receiver precedes every flight.
The purpose of the pre-flight testing is twofold. One is to verify the operational
fitness and calibration of fundamental components. The bolometers and the cryogenic
systems in the receiver, optical performance of the cold optics, and the primary and
secondary mirrors comprising the telescope are evaluated. Calibration of the coarse
and fine sensors used for attitude control is performed. We verify and tune the
operation of each dynamic control system including the balance system, the reaction
wheel (used to point the telescope in azimuth), and elevation control. Finally, a
compatibility test with NASA’s inflight communications and control systems is carried
out. The second objective is to thoroughly exercise the finished system to look for
operational weakness and design or implementation oversight and to train the team
in the operation of the experiment. Detailed descriptions of the instrument are given
in Pascale et al. [2008], Truch et al. [2009]. In the following, we only describe in detail
tests or results that represent departures from previous flights.
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4.1 Detectors and Telescope Characterization
4.1.1 Array Bandpasses Characteristics
We used a Martin-Puplett-type FTS to characterize the spectral response of the
fully integrated BLAST–Pol receiver, including its vacuum window, complete filter
stack including Low Pass Edge (LPE)s and IR-blockers, HWP, dichroic beam split-
ters, polarizing grids, feedhorns, and bolometers. We designed the FTS to match the
optical feed of the telescope (f/4.8) so that its beam completely fills the beams of
all the bolometers when the focus of the FTS is positioned to match the Cassegrain
focus of the telescope that occurs about 50 mm from the window, inside the receiver,
along the optical axis. The FTS can be evacuated and attached to the window flange
of the cryostat so that the entire path from the source (a mercury vapor discharge
lamp1) to the detectors can be in vacuum. The spectra (Figure 4.1) are marred by
the strong, broad absorption bands of oxygen and water vapor.
The response of the detectors is affected by the transmission of all elements along
the optical path, but the passband cutoffs are mainly determined by three optical
elements: the metal-mesh LPE dichroic filters [Ade et al., 2006], the bandpass filter
mounted on the input of the horn arrays, and the low-frequency cutoff of the conic-
section feedhorns. There are two dichroic beam splitters: the first reflects wavelengths
shorter than 300 µm (this beam feeds the 250 µm channel) and transmits longer
wavelengths; the second reflects wavelengths shorter than 400 µm (350 µm channel),
and transmits longer wavelengths (500 µm channel).
1Leybold-Heraeus
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Figure 4.1: Relative spectral response of the three BLAST–Pol channels. The band-
pass of the filters was measured with a FTS in vacuum and using a mercury vapor
discharge lamp. All the transmission measurements are normalized for unit peak
transmission (dashed line).
4.1.2 Load Curves and Noise Measurements
Bolometer load curves were performed looking at room temperature and at a 77 K
liquid nitrogen source and measuring sensitivity as a function of bias.During flight,
a calibration lamp located in the hole in the center of the Lyot stop,(M4), is flashed
every ∼15 minutes. It allows to us to monitor the absolute change in responsivity of
every detector on all three arrays as a function of time.
The instrument is designed work at the photon noise limit. Measurements of the
noise-level of the bolometers are made in the lab and in flight and include contribu-
tions from the entire system from bolometer through JFET, preamplifiers, and warm
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electronics; they are given in table Table 3.3.1. The other critical measurement is
stability, normally quantified as the 1/f noise in the bolometers. The voltage noise is
determined by taking the power spectral density of the time stream acquired during
ground tests and in flight.
4.1.3 Instrumental Polarization
The Instrumental Polarization (IP) is defined as the spurious polarization due to
telescope and instrument impressed upon an unpolarized source. When IP is small
and constant, it can be removed easily [Novak et al., 1989].
The IP measurements in the lab were performed using an unpolarized submm
calibrator made out of Eccosorb2 that was developed by Northwestern graduate stu-
dent, Tristan Matthews. The calibrator, in future referred to as the chopper, is a
temperature-stabilized, heated (2 to 5 K above ambient) source chopped at 1 Hz. It
is placed as close to the window of the receiver as possible to ensure that it completely
fills all beams from all three arrays. The measurement is repeated at different puck
temperatures and HWP positions. These measurements provide a measure of the
receiver’s IP and characterize its variability with position on the focal plane and with
wavelength (see Figure 4.2).
A vertical polarizer is mounted on the cryostat window and a central bolometer
that has a vertical polarizing grid mounted on it is chosen for initial examination.
The HWPR is rotated through its full range and the signal bolometer signal variation
is recorded. Data are fit using a cosine function as a function of HWPR angle position
and the angle of maximum vertical linear polarization is found. This angle is set to
2Emerson and Cummings, U.S.
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Figure 4.2: Pre flight measurement of the BLAST–Pol cryostat Instrumental Polar-
ization plotted against the normalized Stokes parameters, q and u. Blue, green and
red points show the IP measured for each bolometers at 250, 350 and 500 µm re-
spectively. The two contours outline the boundaries for 0.5% IP (pink) and 1% IP
(yellow).
be the zero-angle, or 0◦ angle. The vertical polarizer is then removed leaving the
unpolarized modulated source. Observations are then recorded, using all bolometers,
on the unpolarized source at all four HWP angles (0◦, 22.5◦, 45◦, and 67.5◦). Ide-
ally, there should be no response from the detectors when looking at an unpolarized
source. The response measured during this test is the measured IP. During the flight,
measurements at different HWP angles is corrected for the IP and then provides the
Stoke’s parameters Q and U generated by the instrument.
The chopper, was also used to determine the polarization efficiency, the polariza-
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[0,22.5,45,67.5]
used in flight
[-90,-67.5,-45,-22.5]
backup angles
250um
350um
500um
Figure 4.3: BLAST–Pol cryostat polarization efficiency measured prior to flight. Blue,
green and red colors show the polarization efficiency measured at 250, 350 and 500 µm,
respectively. The dotted circle has radius one and represents 100% polarization ef-
ficiency. The polarization efficiency was calculated by measuring Q and U for fix
polarized grid angle, and plotting q = Q/I and u = U/I in the q–u space. The radius
of the circle produced by the measurements is proportional to the actual instrumental
polarization efficiency.
tion measured when looking at a completely polarized source and polarization angle.
These measurements were made by mounting a 45◦ tilted rotatable polarizer on the
cryostat’s window flange and measuring the resulting apparent polarization detected
by the receiver as a function of angle. For 100% polarization efficiency, the result
would be a sine wave as a function of input polarization angle with the minimum
going to zero. The polarization efficiency was calculated by measuring Q and U for a
fix grid angle, and plotting q = Q/I and u = U/I in the q–u space. The radius of the
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Wavelength
IP RMS Pol. Efficiency RMS
[%] [%] [%] [%]
250 µm 0.71 ± 0.15 80 ± 2
350 µm 0.10 ± 0.09 77 ± 2
500 µm 0.16 ± 0.10 85 ± 2
Table 4.1: BLAST–Pol IP and Polarization Efficiency for each band.
circle produced by the measurements is proportional to the instrumental polarization
efficiency (see Figure 4.3). Results of the ground tests measurements are summarized
in Table 4.1.
A measurement of the instrument’s total (receiver plus telescope) IP was made
in flight using a technique developed by Giles Novak. The technique determines the
extent of IP by observing a bright source at two parallactic angles, ideally at rising and
setting, and makes use of the fact that the IP is the same for both observations, but
the apparent polarization of the source rotates with sky angle. These measurements
were consistent with an IP< 0.5%.
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Figure 4.4: BLAST–Pol near field beam map for the 350µm array. The source was placed at 150 m and measurements
were performed in Antartica during the 2010 campaign.
86
4.1.4 Beam Profile
The optical performance of the telescope during the 2010 mission, made by recon-
structing the beam from observations of point sources in flight, made it clear that the
performance of the optics had degraded significantly from what had been observed
on the ground: the beam had four side-lobes, one very prominent that contained 50%
of the power of the main beam, and the IP had risen to a few percent.
Because of the problems with the beam profile observed during the 2010 flight,
more than the usual considerable effort was spent after recovery re-characterizing
the beam, both as it leaves the receiver and as it leaves the complete optical system
including the telescope. Visual inspection of the optics in the receiver revealed that
the first IR-blocker had melted, presumably during ascent when we have no control of
pointing and the telescope might have rotated to face the Sun during ascent. Ground
tests with and without the melted filter showed that it significantly altered the beam
and results are shown in Figure 4.5.
Measurements of the beam as it leaves the receiver and before it enters the main
telescope are necessary. Far field beam maps are measured right in font of the cryostat
window in order to check the symmetry of the alignment of the cold optical system.
A 10 mm× 10 mm cold load, kept at 77 K by a liquid nitrogen bath, was chopped at
5 Hz and placed at distance of ∼2 meters from the cryostat window, about the same
distance between the window and the secondary mirror. Since only a small portion
of the cold source is exposed, it acts as a point source radiating like a blackbody at
77 K, radiation detectable by the BLAST bolometers. The source was mounted on
a translation stage that allows us to raster it over a region 500 mm × 500 mm in
a plane perpendicular to the optical axis of the telescope. A map is produced that
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(a) Nominal near filed PSF (b) PSF with meted filter placed
Figure 4.5: BLAST–Pol beam maps both without (left) and with (right) the damaged
filter. IP measurement with the melted filter placed in front of the window resulted
also in high values of the system Instrumental Polarization, in agreement with the
post-flight results.
displays the signal overlay on the vertical and horizontal direction of the translational
stage. Ideally, the beam should be a Gaussian even though the implementation of
polarizing grids will produce a significant squint in the direction of the polarization.
Nevertheless asymmetries can be an indication of misalignment of the optics box with
the window of the cryostat or show misalignment of the cold optics components (M3,
M4, M5) and the BDAs within the optics box. A beam map can also be used to test
the general health of the bolometers.
After the entire system is fully integrated (telescope and receiver), the beam is
characterized in the near field. The cold load and translation stage are placed at a
distance of 150 m from the telescope (99 m during laboratory test at the University
of Pennsylvania High Bay), the furthest the source can be placed without significant
atmospheric degradation (Figure ??).
The near field limit of the telescope is several kilometers but atmospheric absorp-
tion limits the range of the telescope on the ground to only a few hundreds of meters.
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To make these measurements, the secondary mirror is moved ∼3 cm further from the
primary mirror to change the focus from infinity (used in flight) to the 150 meter point
where the translation stage is located. Fine adjustments are then made by moving
the actuators on the secondary mirror to maximize the response of a representative
set of bolometers in the three bands.
The results are verified with the results obtained by modeling the optical system
with the ZEMAX3 ray tracing package.
Diurnal temperature changes subject the optics to thermal motions and defor-
mations which need to be corrected. The tolerance in the relative distance between
the primary and the secondary mirror before image degradation is induced is about
one wavelength. In flight, the focus is verified and eventually manually adjusted by
maximizing the peak response when scanning over a bright point source. A motorized
system mounted on the secondary (M2) [Pascale et al., 2008] allows for a displace-
ment around the nominal telescope focus of ±5 mm. The master control program
monitors the temperatures of the mirrors M1 and M2 and automatically repositions
the secondary mirror to account for thermal variation that would produce a focus
displacement of 100 µm or more with respect to the nominal focus position.
Beam Profile Investigations
After finding a degraded optical performance during the 2010 mission, a thoughtful
inspection and testing of the optics was needed. Extended tests in the far field of the
receiver revealed that the melted IR-blocker filter was the cause of the excess IP in the
signal as well as the disruption of the beam shape. An example of the measurements
3Focus Software Inc.
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Figure 4.6: 3–D reconstruction of the surface of the primary mirror subjected to
the weight and stress of the secondary mirror and mounting structure. It is clearly
visible as a “Pringles–potato–chip”–like deformation, causing prominent side lobe in
the telescope PSF.
results is reported in Figure 4.5.
Beam maps in the near field from the telescope, on the other hand, revealed that
the presence of side lobes to the beam was the result of a mechanical deformation
of the primary aluminum mirror caused by the stress and weight of the secondary
mirror end supporting carbon fiber struts (Figure 4.6). The problem was addressed by
developing a new system where the number of struts supporting the secondary mirror
was reduced from four to three and the support was moved from the perimeter of the
primary mirror to the edges of the gondola inner frame (shown in Figure 4.8 (a)). The
reduction in the number of struts had the added benefit of increasing the active surface
of the primary and reduced the loading from the telescope. In Figures 4.7 and 4.8 a
three-dimensional reconstruction of the telescope beam is shown for a representative
pixel at 500 µm before and after the fix was implemented as well as a photograph of
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(a) Photograph of Primary–Seconday mirror assembly flown in BLAST-Pol 2010.
(b) 3–D reconstruction and intensity plot of the telescope PSF.
Figure 4.7: Top: 2012 mirror assembly. Bottom: The telescope near field beam maps
for a central pixel at 500µm shows that that the distortions on the Primary mirror
caused by the Secondary mirror generates a side lobe in the PSF which contains
∼30% of the power of the main lobe.
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(a) Photograph of Primary–Seconday mirror assembly flown in BLAST-Pol 2012.
(b) 3–D reconstruction and intensity plot of the telescope PSF.
Figure 4.8: Top: 2010 mirror assembly. Bottom: The telescope near field beam maps
for a central pixel at 500µm shows how the fix implemented for the 2012 flight almost
entirely removes the side lobe and allows the telescope to produce a nominal PSF.
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the telescope’s warm optics assembly.
4.1.5 Calibration of the Pointing Sensors
Prior to flight all pointing sensors need to be calibrated. The calibration in az-
imuth of the GPS, Sun sensors, and magnetometer is done by rotating the gondola
by 360 deg. For these tests to be performed the payload needs to be positioned far
away from metallic structures to prevent interference from magnetic materials.
Constant daylight in Antarctica during the austral summer makes detection of
stars difficult. For this reason the two star cameras are thoroughly tested and char-
acterized during lab testing and pre-campaign integration at the CSBF facility in
Palestine, TX. Only very bright stars, such as Sirius (−1.46 mag, the brightest star
in the sky), can be observed from the ground while in Antarctica. Finding the point-
ing solution for actual stars can be used for absolute calibration of the other pointing
sensors.
The star camera pointing offset with respect to the submm beam is measured
during the near field beam maps. This is done by placing a target at the same
distance and location at which the translation stage is placed in such a way that
both target and translation stage are visible by the star cameras. The relative offset
between the position of the target and the position of the translation stage while
pointing at the center pixels of the BDA is measured and input to the system. This
measurement is repeated in flight by calculating the offset between the submm beam
and the star camera beam while pointing at a point like source.
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4.1.6 Flight Simulation
Before flight readiness can be declared, the telescope is fully tested for mechanical
and electrical functionality. Numerous pointing tests are performed while the payload
is inside the laboratory building, hanging from a crane which simulates the balloon
flight train. These tests are useful to characterize the pointing motors as well as to
detect any excess of scan synchronous noise induced on the detectors by the moving
gondola. A full simulated flight test with the telescope operating via schedule file alone
(without operator intervention) is also performed. This is also an opportunity to train
the team in the commanding, controlling of the payload as well as the monitoring of
important parameters of the various components.
A compatibility test with the integrated CSBF SIP electronics is carried out out-
side the payload building. The principal reason of this test is to verify functionality of
all the communication links and mainly to detect and prevent any interference that
might be generated between the CSBF electronics and antennas and the payload
electronics.
Finally, the payload is “shock tested” to simulate the actual lunch sequence to
insure mechanical integrity of the gondola and all the components that are rigidly
mounted.
4.2 Target Selection
For a ballooning experiment, like BLAST–Pol, pre-flight target selection and prior-
itization is a critical step in preparation of the flight. Unlike ground based telescopes,
the observing time on a balloon platform is limited. For BLAST–Pol the limit is set
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by the cryogenic hold time of 13.5 days. Because of this, wise decisions need to be
made to maximize the science return from the flight. The final selections are uploaded
into the schedule file (discussed in Section 5.2).
In the following section, we discuss the selection of GMC and infrared dark clouds
(IRDC) targets. These are predominantly located in the plane of the galaxy, in which,
aside for scientific interest and importance, the line of sight confusion can represent
an issue when measuring the plane of the sky magnetic field. Velocity channel maps
from CO surveys were produced and studied to select appropriate targets. Also,
distance and temperature estimates were calculated for the target candidates in order
to determine the integration time needed for each target.
4.2.1 Temperature Estimate & Source Distances
A first selection of twelve potential targets was carried out based on brightness and
distance. Brightness was estimated by using IRAS maps of dust emission at 100 µm
[Giavalisco et al., 2004] and QUEST at DASI (QUaD) 150 GHz images [Culverhouse
et al., 2010]. Target distances were estimated by using kinematic distance, or near
kinematic distance, corrected so that distance of the Sun to the galactocentric radius
is 8.0 kpc, using the Caswell and Haynes [1987] spectral line survey. This set of
targets was further analyzed using CO surveys to address the line of sight confusion
issue.
Temperature estimates for the selected molecular clouds were performed. This,
together with the distance estimates, is needed in order to determine the integration
time necessary to make a statistically significant measurement of the polarization.
Dust temperatures were assessed using brightness measurements made by IRAS [Gi-
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avalisco et al., 2004] at 60 and 100 µm [Kuiper et al., 1987]. The method is based
on an iterative routine. One can measure the ratio of the brightness measurements
made on a given area of the sky by
R =
F60
F100
(4.1)
where with F60 and F100 we indicate the flux at 60 and 100 µm respectively. For
R ≥ 0.9 the temperature of the object is given by
T1 = 19 + 13 ·R. (4.2)
If 0.3 ≤ R < 0.9 then a better estimate of the temperature is given by
T2 = T1 − 4.8(1−R)2. (4.3)
Finally, when R < 0.3 then the temperature of the cloud is obtained from
T3 = T2 − [3.1−R(19− 30 ·R)]. (4.4)
Results are reported in Table 4.2.
4.2.2 Line of sight Confusion – Study of CO emission lines
Much of what we know about star forming gas comes from the study and analysis
of molecular lines. They provide a rich and sensitive set of information to infer many
clouds parameters, like velocity, temperature, and mass. GMCs contains a large
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CO Rotational Levels CO (J=0-1) in Orion KL Nebula
A1-0= 7 x 10
-8 s-1
A1-0= 7 x 10
-8 s-1
CO Rotational Levels CO (J=0-1) in Orion KL Nebula
Figure 4.9: The low-lying rotational levels of CO are shown on the left; the spontaneous
decay rate for the J = 1-0 transition is 7×10−8 s−1 and the critical density for pure collisional
excitation by H2 is ∼3000 cm−3. With line photon trapping and a typical optical depth of
∼10, the critical density for thermalization is reduced to ∼300 cm−3. Thus, the CO line
brightness temperature provides a measure of the gas kinetic temperature. On the right, the
CO and 13CO J = 1-0 emission lines are shown in the direction of the Orion Kleinmann-Low
(KL) nebula.
fraction of the interstellar gas, with hydrogen being the most aboundant element,
which, if in the free atomic form is relatively easy to observe. However, in high
density regions where stars form, it tends to be present in its molecular form, H2,
rather than atomic, which is much harder (almost impossible) to observe directly in
the cold ISM, despite its permanent dipole moment.
CO has played an essential role in the study of molecular gas with most information
about GMCs coming from the study of emission in the rotational lines of the CO
molecule. The relatively low frequency of its rotational transitions make it easy to
observe. In particular, the lowest 13CO(1→ 0) line at 115 GHz sits only 5.5 K above
the ground state, low enough to be excited even at GMC temperatures.
If the line is optically thin so that we can neglect absorption, the width of the line
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is determined primarily by the velocity of the distribution of the emitting molecule
with a one-to-one mapping between velocity and frequency. For a gas moving at
velocity v along the line of sight, the frequency of the emission produced is simply
ν ≈ ν0
(
1− v
c
)
, (4.5)
where ν0 is the central frequency of the line in the molecule’s rest frame (for v/c 1).
The line profile is described by the Maxwellian velocity distribution of molecular speed
φ(ν) = ψ
(
c
[
1− ν
ν0
])
. (4.6)
φ(ν) can be directly measured, hence the velocity distribution ψν .
For this work two sets of data were used. The main one was the 8′resolution CO
survey of the whole galaxy from the 1.2 m Millimeter-Wave Telescope at the Harvard-
Smithsonian Center for Astrophysics (CfA) [Dame et al., 2001]. Also, several regions
from the 4′resolution survey from the 4 m radio telescope at the NANTEN obser-
vatory, were kindly provided by Professor Yasuo Fukui at Nagoya University. These
surveys were in the form of data cubes arranged such that the third dimension refers to
frequency space which translates to a line of sight velocity. The spectra have 0.65–1.3
km s−1 velocity resolution, depending on the region analyzed (see Figure 4.10).
These data were used to address the issue of line-of-sight confusion, by study-
ing velocity channel maps of the molecular clouds to resolve the kinematic distance
ambiguity for many of the GMCs located in the inner arms of the Milky Way. In
the following section some examples of velocity channel maps from CO emission of
selected regions are provided. Table 4.2 reports a summary of the parameters for the
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Source ID ` b Distance
Temperature Integration Time
Estimate Estimate
[degree] [degree] [kpc] [K] [hours]
Carina West A 281.2 -1.8 ∼1.6 ∼21.0 20
Carina West B 281.7 -1.0 ∼3.5 23.5 20
Carina SW 286.4 -1.5 7.8 ∼22.2 5
IRAS 11368-6312 295.0 -1.6 ∼1.8 ∼24.7 –
317 N 317.1 0.3 2.1 or 8.9 ∼23.4 10
317 S 317.7 -0.5 ∼2.1 ∼23.4 10
320.0+0.7 320.0 0.8 ∼2.1 ∼22.2 5
324.2+0.2 324.2 0.2 ∼6.5 ∼20.0 5
326.5+0.7 326.7 0.7 ∼2.4 ∼23.4 10
G333 333.5 -0.5 ∼3.1 ∼21.9 5
341.1-0.2 341.1 -0.2 2.9 or 12.0 ∼20.6 5
345.4+1.4 345.3 1.0 ∼1.5 ∼25.6 10
Elio’s cloud 319.3 0.8 ∼2-3 ∼15 15
Table 4.2: List of potential GMCs observations based on brightness, distance, and
LOS confusion.
selected GMCs that were included in the schedule file.
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Figure 4.10: From Dame et al. [1987]. Top panel: longitude-velocity map of CO emission integrated over a strip ∼4◦ wide in latitude centered
on the Galactic plane – a latitude range adequate to include essentially all emission beyond the Local spiral arm (i.e., at |v| > 20 km s−1).
The map has been smoothed in velocity to a resolution of 2 km s−1 and in longitude to a resolution of 12′′. Bottom panel: velocity-integrated
CO map of the Milky Way. The angular resolution is 9′ over most of the map, including the entire Galactic plane, but is lower (15′ or 30′) in
some regions out of the plane. The sensitivity varies somewhat over the map, since each component survey was integrated individually using
moment masking at the 3σ level or clipping in order to display all statistically significant emission but little noise. A dotted line marks the
sampling boundaries.
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4.2.3 CO Channel Maps
In this section we report the integrated velocity channel maps from CO emission
for the targets listed in Table 4.2. Larson’s law (equation 2.4) tells us that the
broadening of spectral lines toward a cloud can be translated into velocity dispersion.
Based on this, we decided to use a 10 km s−1 as velocity interval to generate these
maps.
In the study of these data, we addressed the issue of line-of-sight confusion by
looking at velocity peaks at different intervals. From this analysis we concluded that
only seven of the regions studied had a clear single peak in velocity and, therefore,
were suitable for observation. Due to lack of resolution, as well as the relatively small
dimensions of some of the sources, a final decision was difficult to make for a few of
the targets.
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Figure 4.11: Velocity channel map of the Carina nebula from the 8′ resolution CfA survey.
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Figure 4.12: Velocity channel map of the Carina SW nebula from the 8′ resolution CfA survey.
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Figure 4.13: Velocity channel map of IRAS 11368-6312 from the 8′ resolution CfA survey.
104
318.0 317.5 317.0 316.5
0.5
0.0
-0.5
-1.0
318.0 317.5 317.0 316.5
0.5
0.0
-0.5
-1.0
318.0 317.5 317.0 316.5
0.5
0.0
-0.5
-1.0
318.0 317.5 317.0 316.5
0.5
0.0
-0.5
-1.0
318.0 317.5 317.0 316.5
0.5
0.0
-0.5
-1.0
318.0 317.5 317.0 316.5
0.5
0.0
-0.5
-1.0
318.0 317.5 317.0 316.5
0.5
0.0
-0.5
-1.0
318.0 317.5 317.0 316.5
0.5
0.0
-0.5
-1.0
318.0 317.5 317.0 316.5
0.5
0.0
-0.5
-1.0
318.0 317.5 317.0 316.5
0.5
0.0
-0.5
-1.0
318.0 317.5 317.0 316.5
0.5
0.0
-0.5
-1.0
318.0 317.5 317.0 316.5
0.5
0.0
-0.5
-1.0
318.0 317.5 317.0 316.5
0.5
0.0
-0.5
-1.0
IRAS 100 µm
integrated velocity :
-70 km/s to 40 km/s -70 km/s to -60 km/s -60 km/s to -50 km/s -50 km/s to -40 km/s
-40 km/s to -30 km/s -30 km/s to -20 km/s -20 km/s to -10 km/s -10 km/s to 0 km/s 0 km/s to 10 km/s
10 km/s to 20 km/s 20 km/s to 30 km/s 30 km/s to 40 km/s
Figure 4.14: Velocity channel map of 317 N & S from the 8′ resolution CfA survey.
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Figure 4.15: Velocity channel map of 320.0+0.7 from the 8′ resolution CfA survey.
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Figure 4.16: Velocity channel map of 324.2+0.2 from the 8′ resolution CfA survey.
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Figure 4.17: Velocity channel map of 326.5+0.7 from the 4′ resolution NANTEN survey.
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Figure 4.18: Velocity channel map of G333 from the 8′ resolution CfA survey.
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Figure 4.19: Velocity channel map of 341.1-0.2 from the 8′ resolution CfA survey.
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Figure 4.20: Velocity channel map of 345.4+1.4 from the 8′ resolution CfA survey.
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Figure 4.21: Velocity channel map of 319.3-0.8 (Elio’s cloud) from the 8′ resolution CfA survey.
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Chapter 5
BLAST-Pol in Flight
In this chapter we describe the two LDB flights of BLAST–Pol, both flown from
Williams Field, Antarctica. BLAST-Pol 2010 acquired ∼ 270 hours of data, while
BLAST-Pol 2012 acquired ∼ 300 hours of data and both flights were terminated on
the permanent Ross Sea ice shelf. The pre-flight planning, in-flight commanding and
diagnostics, and flight performance and observations for both flights are discussed in
the next sections.
5.1 Scan Strategies and limitations
The BLAST–Pol telescope, installed on a balloon borne platform, has inherent
challenges in observing the sky. Its scanning strategies are designed to optimize post-
flight pointing reconstruction and map making. Observations are made slewing the
gondola in a raster pattern to fill in a region of sky. The pattern is repeated over
the course of the flight to obtain the desired integration time. While rastering a
map, the telescope is primarily scanned in azimuth while small and slow elevation
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Figure 5.1: Example of a Box and Cap scanning modes cross-linked at 13◦(from
Wiebe [2008]). Due to the smaller amount of time spent in turn-around, Box mode
is referred to as Cap mode.
changes are made in order to map the desired region and to prevent thermal drift in
the bolometers, possibly generated from moving cryogens in the cryostat tanks when
the tilt of the cryostat changes. These temperature changes are clearly visible in
the detector time streams, extremely sensitive to temperature changes. Furthermore,
varying elevation causes changes in the airmass, the integral of air density of the line
of sight (lowest at the zenith), seen by the detectors. The increase in airmass means
increased loading on the detectors, which is desirable to limit.
The detector response time (τ = 2 ms), 1/f noise (∼50 mHz), and star camera
integration times (∼100 ms) set the limiting factors on the azimuthal scan rate. The
pointing requirements are also driven by the smallest beam size which, for the 250
µm array, is nominally θFWHM = 30
′′. To fully sample a Gaussian beam we require
at least two samples per FWHM, such that the maximum scan angular scan rate is
given by
vaz =
θFWHM/2
2piτ
≈ 0◦.3 s−1. (5.1)
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Figure 5.2: BLAST–Pol scan modes extracted from the 2012 flight data. From left
to right a “box” and a “cap”.
In practice the azimuthal angular velocity is constrained by the star cameras,
in order to allow sufficient time to produce pointing solutions. To constrain the 5′′
s−1/2 drift of the gyroscopes in post-flight pointing reconstruction, we require that
the star cameras provide an absolute pointing every 2 s to keep this drift under 1/4
of the smallest beam size. For small scans (≤ 0◦.3), because turnarounds are frequent,
we have enough solutions. For larger scans, the discrete exposure time for the star
cameras, typically ranging between 30–60 ms, will produce mid-scan smearing of stars
along the scan direction because of the motion of the telescope. Experience with the
star cameras indicates that a reasonable maximum scanning speed is 0◦.1 s−1.
The 1/f knee is at ∼50 mHz. Therefore, the gondola must complete one scan
(back and forth) in <20 seconds so that the detectors sample the same patch of sky
before the detector levels drift too much. This is required for optimizing the signal to
noise in the final analysis of the maps. Because of 1/f noise, cross-link between the
maps is crucial. This is achieved through sky rotation by scanning the science targets
at different times of the day (Figure 5.1). Sky rotation is also important because it
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can be used to reconstruct polarization if the HWP rotation mechanism were to fail.
Elevation scan steps are set to a very low angular velocity, usually 10′′ s−1. The
steps are chosen so that after two adjacent azimuthal scans the field of view has
moved less than 3′.5, half of the array width, allowing the array to overlap at the ends
of each consecutive scan.
In both BLAST–Pol flights two primary scan modes were implemented; the circle
(“cap” mode) and a quadrilateral defined by its four corner (“quad” mode), both
shown in Figure 5.2. For the BLAST-Pol 2012 flight a new elevation scan mode was
introduced to improve hit coverage and cross linking of the maps. This new scan
mode was also of help in the diagnostic of the beam shape during the early stages
of the flight. Improvements were also made in defining the elevation steps size by
introducing a new variable parameter for the number of elevation dither increments
between elevation steps. This was required to better fill the gaps in the bolometer
hit maps and therefore the map coverage.
5.2 Flight Planning
Ideally the team has full command and control capability for the instrument while
it is in flight. However, the telescope must be fully autonomous to take into account
the possibility of intermittent or total loss of communication that might occur. For
this reason a set of observation commands, generally referred to as schedule files, is
uploaded to the flight computer prior to launch.
The schedule is based on a prioritized list which takes into account scientific in-
terest and minimum observing time requested to achieve significant depth for obser-
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vations. Other than coordinating science scans it also schedules scans for calibration
sources, 3He refrigerator cycles and tracks the charge status of the batteries. The
schedules are calculated on the ground, prior to flight, using our best estimates for
launch time, flight path, and total flight length. Because the flight path is unknown,
six different schedule files are loaded to accommodate drifts in latitude and longitude
or degraded performance of the instrument. The decision on whether to use the opti-
mistic or pessimist flight plan is made during the early stages of the flight, while still
within LOS, by estimating the sensitivity of the detectors.
The schedule files are generated using an IDL1 routine appositely written and
developed for BLAST, an example of the graphical output of the software is give in
Figure 5.3.
If communication is available, schedule files are generated continuously during
the duration of the flight. The operators then assumes the important task to send
commands with the scheduled observations. However, there is a fail-safe mechanism
consisting of a commendable time-out. If the payload does not receive a command
in the time-out set period (i.e. total loss of communication with the payload) then
MCP will automatically engage the best schedule file available at the actual location.
1http://www.exelisvis.com/ProductsServices/IDL.aspx
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Figure 5.3: Example of the BLAST–Pol scheduler output used on day 6 of the BLAST-Pol 2010 Antarctic flight. The
Top and Middle plots show elevation and altitude as a function of LST for the scheduled target (red lines). The bottom
plot shows the charging status of the batteries.
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5.3 Flight Operations – LOS Diagnostics
While the instrument is at float the telescope is constantly monitored by the
ground-station operators and many diagnostic tests are performed to optimize the
performance of the flight and to help post-flight data characterization. Extremely
important are the first 18-24 hours of the flight, while the payload is still within line
of sight of the launch site. This period is the only time during the flight when the
entire dataset is transmitted to the ground and available to the scientists. During
this time, the pre-loaded schedule is usually disabled.
5.3.1 Bolometer Tuning
One of the early tasks involves the tuning of the bolometers, this is done by
determining and setting the proper lock-in phase and bias to maximize the bolometer
responsivity as they depend on the in-flight loading conditions. We first adjust the
phase, specified card-by-card with 24 detectors for each card, in order to get the
maximum signal from the lock-in amplifier. To do so, we step through all the possible
phases and choose the one that maximizes the signal. After the phase is set we step
the bias from 0 to ∼100 mV, during each step a calibration pulse is flashed. The
bias voltage corresponding to the maximum bolometer responsivity to the calibration
lamp is chosen. Since only a single bias voltage can be applied for a given wavelength,
the median bias voltage that corresponds to maximum responsivity for a selected set
of bolometers (usually located in the center of the array), is chosen. The load curves
and responsivity variation for a central bolometer at the three wavelengths is shown
in Figure 5.4.
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Figure 5.4: The load curves (top) and responsivities (bottom) taken at the beginning
of the 2012 flight for a selected bolometer at each wavelength. The peak responsivity
of each detector is is marked with a filled circle.
5.3.2 Pointing and Telescope Focusing
While the bolometer parameters are being optimized, the star cameras are focused
and the CCD parameters are set. This is performed by pointing the gondola toward
a known group of stars.
We proceed then with focusing the telescope. Although focus tests are done on
the ground in the pre-flight calibration tests (see Section 4.1.4), in-flight tests are
needed to ensure that the telescope focus is correct. During this process we scan at a
120
point like source multiple times and measure the FWHM of the beam and peak signal
in the bolometer time streams. We perform measurements at different focus positions
by translating the secondary mirror by few millimeters in 500 µm steps . The optimal
focus position, at which maximum signal and best beam shape is achieved, is set by
interpolating through the different positions. This is repeated throughout the flight
to ensure that the telescope remains in focus.
The pointing offset between the submm beam and the star camera is then deter-
mined by mapping a bright object. The peak signal at the center of the array defines
the location of the submm beam. An offset is entered into to the flight computer to
make the star camera attitude lie on top of the submm beam. These measurements
are repeated throughout the flight to monitor any changes in the pointing that can
be caused by deformation of the inner frame or simply changes in elevation.
5.3.3 Flux Calibration
Usually the same sources used for measuring the pointing offset are utilized to
determine the telescope sensitivity and hence decide whether to use the pessimistic
or optimistic set of schedule files. It is important to know the source submm flux or at
least have a measurement to compare against. We can calculate then the sensitivity
of the bolometers which is equal to N · Sλ/V [Jy s1/2], where Sλ is the expected
submm flux density at the wavelength λ, V is the peak signal voltage measured in
the bolometer time streams while the bolometer noise, N , is measured in V Hz−1/2
calculated by observing the high-frequency part of the noise-power spectrum (see
Table 3.3.1)
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Figure 5.5: Flight path of the BLAST-Pol 2010 Antarctic flight. The scallop features
correspond roughly with diurnal cycles.
5.4 BLAST-Pol 2010
BLAST–Pol was launched by NASA-CSBF on December 27, 2010 at 4:06 UTC
from William Field, near McMurdo Station, in Antarctica (77◦52.75′ S; 167◦3.63′ E).
The flight lasted until January 5th, 2011 at 21:31 UTC while the balloon was flying
over the Ross Ice Shelf, as it was approaching the South Pole Traverse path, for a
total of 9 days, 16 hours, and 48 minutes. The payload landed about 630 km away
from the launch base (82◦48.67′ S; 178◦18.28′ W).
Although the weather was poor for much of January, recovery of the instrument
was completed in the first week of February. Everything except the gondola frame was
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Average Altitude 38250 m
Diurnal Variation 1665 m
Latitude mean -79.59◦ [max -74.61◦; min -83.11◦]
Average Temperature in Sun 27.96◦C
Average Temperature in Shade -26.40◦C
Landing Location 82◦48.67′ S; 178◦18.28′ W
Distance from William Field to Landing Site 630 km
Table 5.1: Summary of BLAST-Pol 2010 Flight Condition
retrieved and all the instrumentation suffered only minor damage. The gondola was
eventually retrieved during the 2011 Antarctic season and shipped back to Philadel-
phia in 2013 and currently is being used to test the instrumentation that will be flown
on the U¨ber BLAST payload. Figure 5.5 shows the flight path of the mission while
Table 5.4 summarizes the flight conditions of the payload.
5.4.1 Launch and Ascent
During the 9.7 day Antarctic flight of BLAST–Pol in 2010-2011, most of the
subsystems performed well and we were able to obtain degree-scale polarization maps
for a number of nearby molecular clouds. The failure of the IR spectral blocking filter
at the 77 K stage [Truch, 2007] during the ascent of the balloon, resulted in a loss
of angular resolution as well as high IP (>5%) that varied across the focal plane.
The melted filter, shown in Figure 5.6, produced a significantly distorted beam with
non-Gaussian structure and polarized PSF.
After launch we also experienced a partial failure of the reaction wheel motor due
to increased mechanical stickiness caused by a damaged bearing discovered in the
post flight investigation. A last minute implementation in the pointing algorithm, to
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Figure 5.6: The melted spectral blocking filter of the 77 K stage that melted during
ascent while the payload spins out of control.
allow the possibility to drive the gondola azimuth scans with both the reaction wheel
and the pivot, made it possible to recover from this failure.
5.4.2 Telescope Performance
The first ∼24 hours at float were devoted to perform the preflight diagnostic tests
described in Section 5.3. During this process, we scanned two point-like source, IRAS
8470-4243 and VYCMa. Figure 5.8 illustrate the in-flight submm beam at the three
wavelengths for the central bolometers in the array for IRAS 8470-4243.
The measured sensitivities at 250, 350 and 500µm where 18.8, 6.9 and
3.4 MJysr−1 s1/2 respectively which demonstrates that both detectors and optical
efficiency achieved our predicted goals. The voltage noise, determined by taking the
PSD of the time stream acquired in flight, is shown in Figure 5.7 for a representative
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Figure 5.7: Detector noise PSD for a typical bolometer at 250, 350 and 500 µm (form
top to bottom). The time streams were acquired during the BLAST-Pol 2010 flight
and analyzed as explained in Patanchon et al. [2008]: (1) the time stream has been
deglitched, (2) the electronic transfer function have been deconvolved from the data,
and (3) a common mode signal, synchronous to each channel in an array, has been
removed in the time domain.
bolometer at each band. Before taking the PSD, each time stream is processed as
described in Truch et al. [2008] and Patanchon et al. [2008], which involves deglitch-
ing, deconvolution of the electronic transfer function, and removal of common mode
signal, synchronous to each detector in an array. The voltage noise is well described
by a brown-noise model, the white noise level is ∼3 µV Hz−1/2 and the 1/f knee is
at ∼60 mHz.
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Figure 5.8: BLAST-Pol 2010 PSF provided by observations of IRAS 8470-4243, for
each of the three wavebands from BLAST–Pol, 250, 350 and 500 µm from left to
right. Clear beam distortion is visible, which was caused by the melted filter.
Bolometer Noise
An unexpected source of bolometer noise was also found in the detector time
streams. The noise component was found in ∼40% of the observations and it is dis-
tributed over the entire length of the flight. This noise presented itself in the form
of spikes and sharp steps in the the bolometer time streams. This was further an-
alyzed after the flight and it was discovered that the noise is consistent with high
RF signal heating the bolometers (caused by the TDRSS high-gain antenna) and a
ground loop that induced current pickup signal from crosstalk between the bolome-
ters and the pointing motors. The noise can be identified in the time streams using a
bandpass filter but its statistical properties make it hard to remove from the contam-
inated sections of the flight, making those segment unsuitable for polarization maps
(Figure 5.9).
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(a) 500µm detector time stream with overplot pivot motor current.
(b) 500µm detector time stream with overplot reaction wheel motor current.
Figure 5.9: These two plots shows how the bolometer time streams (in black) and
the current driven by the motors (pivot top, reaction wheel bottom) almost perfectly
correlates.
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5.4.3 Pointing System
Eight days into the flight one of the two star cameras stopped responding due
to failure of the Hard Disk Drive (HDD) of the computer stack. This problem was
assessed in BLAST-Pol 2012 by replacing the HDD with SSD. This turned out to be
an unfortunate decision as described in the next Section.
In flight pointing was measured to an accuracy of ∼30′′ rms. A <3′′ absolute
post-flight pointing reconstruction was achieved by using only the gyroscopes and
the day-time star cameras. The offset between the star cameras and the sub-mm
beam was measured by repeated observations of pointing calibrators throughout the
entire flight (IRAS 8470-4243). We found that the relative pointing between the star
cameras and submm beam varies as a function of telescope elevation and with the
change in the temperature of the gondola inner frame. We found an average deviation
of 7.5′′ in pitch, 8.5′′ in yaw over the course of the flight. A correction to take into
account the change in pointing was applied to the data.
5.4.4 Balloon Environment
The altitude of the payload during the flight is reported in Figure 5.10 where
the periodic variation is due to the diurnal change in elevation of the Sun heating
the balloon. The thermal strategy was effective in keeping the temperatures of es-
sential electronics well within the operational range and the thermal model agreed
remarkably well with the flight data. The carbon fiber shield added to BLAST–Pol
made it possible to point within 45◦ of the Sun. For this reason the observation of
our targets was arranged such that objects closer to the Sun were scheduled in the
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Figure 5.10: The top panel shows the altitude of the payload during the flight mea-
sured using the onboard GPS. Below the curves shown are the temperatures for some
gondola components including the primary (M1) and secondary (M2) mirrors. They
anti-correlate with the payload altitude. At about day six, there is a general rising
trend in temperature resulting from pointing toward regions closer to the Sun.
second half of the flight to allow the optics to re-thermalize only once during the
flight. Figure 5.10 also gives the temperature variations of the warm optics and other
components through the flight.
5.4.5 Observations
Despite the problems, analysis of three sources has been successfully completed:
Vela C , Lupus I, and our bright calibrators Carina Nebula. For the latter target
our results are consistent with those obtained using SPARO at South Pole station [Li
et al., 2006]. In Vela C and Lupus I (Matthews et al., Poidevin et al., in preparation),
we detect coherent polarization at the level of a few percent for most sight lines,
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providing valuable new information on the large-scale polarization properties of these
Gould Belt star-forming clouds (see Chapter 7). A summary of all the observed
objects is given in Table 5.1. However, the multiple pathologies in the data set make
it unsuitable for detailed statistical analysis.
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BLAST-Pol 2010 Observations
Distance Size Time Observed Depth (MJy sr−1) No. of B-vectors
Target Type [pc] [degrees2] [hours] 250µm 350µm 500µm
Axehead (in Vela C) Nearby GMC ∼700 1.4 56.72 0.72 0.44 0.15 ∼401
Carina Nebula Calibrator (GMC) ∼3000 0.8 2.85 2.43 1.48 0.52 ∼74
Carina Tan. Nearby GMC ∼3000 1.5 13.47 1.53 0.93 0.33 TBD
Cen A Galaxy ∼4000000 0.1 2.42 0.93 0.57 0.20 TBD
G3219 GMC ∼3000-5000 0.5 5.02 1.45 0.88 0.31 TBD
G3237 IRDC ∼2000-4000 0.2 2.93 1.20 0.73 0.26 TBD
G331 Calibrator (GMC) ∼7000 0.2 2.85 1.22 0.74 0.26 TBD
IRAS 15100-5527 Calibrator ∼2000-4000 0.1 1.13 1.36 0.83 0.29 TBD
IRAS 08470-4243 Calibrator ∼700 0.1 4.91 0.66 0.40 0.14 TBD
Lupus I Dark Cloud ∼155 0.7 48.81 0.55 0.33 0.12 ∼54
Lupus IV Dark Cloud ∼155 0.3 13.36 0.69 0.42 0.15 TBD
Puppis Cloud Complex Nearby Cloud ∼1000 0.1 23.48 0.30 0.18 0.06 TBD
Spearhead (in Vela) Filamentary Cloud ∼700 0.1 7.63 0.53 0.32 0.11 TBD
VYCMa Calibrator (Star) ∼1500 0.1 1.30 1.27 0.78 0.27 TBD
Table 5.2: BLAST-Pol 2010-2011 Observed Targets
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Figure 5.11: Flight path of the BLAST-Pol 2012 Antarctic flight. The scallop features
correspond roughly with diurnal cycles.
5.5 BLAST-Pol 2012
BLAST–Pol was launched by NASA-CSBF on December 25, 2012 at 19:00 UTC
from William Field (77◦52.75′ S; 167◦3.63′ E), located on the Ross Sea Ice Shelf near
McMurdo Station in Antarctica. The flight was terminated on January 10th, 2013
at 21:29 UTC as the balloon approached the South Pole Traverse path, after a total
flight of 16 days, 3 hours, and 17 minutes. The payload landed about 500 km away
from the launch base (81◦58.07′ S; 177◦51.32′ E).
As for the 2010 flight, because of weather, recovery of the instrument was not
completed until the first week of February. However recovery was successful: ev-
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Average Altitude 38500 m
Diurnal Variation 1800 m
Latitude mean -78.15◦ [max -76.77◦; min -79.55◦]
Average Temperature in Sun 28◦C
Average Temperature in Shade -32.7◦C
Landing Location 81◦58.07′ S; 177◦51.32′ E
Distance from William Field to Landing Site 500 km
Table 5.3: Summary of BLAST-Pol 2012 Flight Condition
erything was retrieved and none of the instrumentation suffered anything more than
minor damage; the aluminum gondola was recovered by the South Pole Traverse and
is currently staged in McMurdo Station and will be sent back to Philadelphia with
the next cargo shipment. Figure 5.11 shows the flight path of the mission. Table 5.2
summarizes the flight conditions of the payload.
5.5.1 Hardware Performance
BLAST–Pol’s flight during the 2012-2013 Antarctic season was a success and we
have obtained arcminute-scale polarization maps for several nearby molecular clouds.
All systems, with the exception of the star cameras and a slight optical problem,
performed to specification.
Several changes were applied to the telescope for BLAST-Pol 2012. After the
BLAST-Pol 2010 filter accident a plan was implemented to better protect the re-
ceiver window in this second BLAST–Pol flight. This involved the replacement of the
blocking filter material from Copper to Aluminum, an IR blocking filter in air on the
protective cover used for the dry nitrogen purge, a Polypropylene window with an hot
press layer of porous PTFE (opaque in the optical and transparent in the submm).
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Figure 5.12: Two photographs in sequence of the newly implemented window shutter
as seen by looking at the cryostat window throughout the primary mirror aperture.
On the left the shutter is closed, the white painted surface is visible. On the right
the open shutter exposes the first IR blocking filter which is in air.
This protected the inside of the cryostat from stray optical light. A mechanical shut-
ter, placed in front of the window, was also implemented to protect the receiver from
the Sun in the spin out of control phase of the telescope during ascent (Figure 5.12).
The split of the power system (described in Section 3.9) turned out to be a great
solution in eliminating the high intermittent noise experienced during the BLAST-Pol
2010 flight (see Section 5.4).
We decided that for this flight we would replace all hard drives on the gondola with
SSD, allowing us to replace the pressure vessel that contained the main computers
with a lighter enclosure. We kept the star cameras in their pressure vessels though, as
these vessels are key to their mounting and alignment. The SSD in both star cameras
failed independently, in one camera within the first day, the other after 6 days. The
main flight computers, fortunately, had no problems. The SSD in both star cameras
was an Intel R© 80 GB Series-320 drive; the flight computers used 300 GB Intel R©
Series-310 drives. We learned, subsequent to the flight, that the Series 320 drives
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have a serious firmware bug that causes them to go into a state where they report
their capacity as 8 MB and at which point, the data they contain become completely
unreadable. Super Trans-Iron Galactic Element Recorder (Tiger), a balloon-based
cosmic ray experiment that flew concurrently with BLAST–Pol, suffered failure of all
four of their Series-320 SSDs.
5.5.2 Telescope Performance
We devoted the first ∼24 hours at float to focus the instrument and the star cam-
eras, and to tune the bolometer as described in Section 5.3. During this process, we
scanned point-like sources (IRAS 8470-4243, VYCMa, and Saturn) and measured the
FWHM and the peak signal of the beam in a subset of bolometers at all three bands.
The offset between the submm beam and the star cameras beam was calculated and
sent to the flight computer.
During this phase we discovered that the activation of the TDRSS High Gain
antenna was the cause of an elevated and overwhelming RF noise in the bolometer
signal. Because of this, we then decided to acquire data only through the IRIDIUM
satellite channel for the remaining part of the flight and to use the TDRSS only for
the bare minimum and during delicate operations that required high data rate.
The BLAST-Pol 2012 optical performance was much improved over that of the
2010 flight through the use of a new supporting system for the secondary mirror and
carbon fiber struts. The PSFs for each of the BLAST bands are shown in Figure 5.13.
All the power is located within a two gaussian fit to the PSF for the 250 and 350 µm
and within a single gaussian fit for the 500 µm beam. FWHMs are reported in the
same picture.
135
0"
50"
100"
150"
0" 50" 100" 150" 0" 50" 100" 150" 0" 50" 100" 150"
250µm
FWHM_x = 185.264"
FWHM_y = 94.108"
FWHM_x = 83.284"
FWHM_y = 56.033"
FWHM_x = 92.389"
FWHM_y = 62.108"
FWHM_x = 108.501"
FWHM_y = 71.454"
FWHM_x = 104.562"
FWHM_y = 74.047"
250 µm 350 µm 500 µm
Figure 5.13: BLAST-Pol 2012 PSF provided by observations of IRAS 8470-4243, for
each of the three wavebands from BLAST–Pol, 250, 350 and 500 µm from left to
right. For each beam, aside from the 500µm beam, a two gaussian fit was carried out
and the FWHM reported on the plots (top and bottom values are relative to top and
bottom peak). Here “x” is along the long axis of the beam and “y” is along the short
axis of the beam.
First-pass sensitivity estimates at 250, 350 and 500 µm demonstrates that both
detectors and optical efficiency achieved our predicted goals. The voltage noise, deter-
mined by taking the PSD of the time stream acquired in flight, is shown in Figure 5.14
for a representative bolometer at each band as described in Section 5.4.2. The voltage
noise is well described by a brown-noise model, the white noise level is ∼3.4 µV Hz−1/2
and the 1/f “knee” is at ∼45 mHz.
Cryostat
The cryostat (which is now the veteran of five flights) houses the receiver [Pascale
et al., 2008] and performed as expected. In previous flights, the hold time of the liquid
nitrogen (∼ 11 days) has been shorter than that of the liquid helium (∼ 12 days).
In this flight, as well as in previous flights, the addition of a new IR blocker on the
window to the 77 K heat shield increased the hold time of nitrogen and the reduction
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Figure 5.14: Detector noise PSD for a typical bolometer at 250, 350 and 500 µm
(form top to bottom). The time streams were acquired during the BLAST-Pol 2012
flight and analyzed as explained in Patanchon et al. [2008]: (1) the time stream has
been deglitched, (2) the electronic transfer function have been deconvolved from the
data, and (3) a common mode signal, synchronous to each channel in an array, has
been removed in the time domain.
of the size of the capillary feeding the pumped-pot from 21 mW to 18 mW, increasing
the helium hold time by ∼1.5 days to ∼13.5 days. The bolometer temperature was
maintained at about 300 mK and the fridge was recycled every ∼70 hr. The recycle
process took less than 2 hrs.
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5.5.3 Pointing System
In flight pointing was measured to an accuracy of ∼30′′ root mean square (rms)
until loss of star camera pointing capability. A <5′′ absolute post-flight pointing
reconstruction was achieved by using only the gyroscopes and the day-time star cam-
eras (analysis still ongoing). In order to account for thermal variations of the gondola
inner frame and the telescope elevation, the offset between the star cameras and the
submm beam was measured by repeated observations of pointing calibrators through-
out the entire flight (IRAS 8470-4243). A this moment, data analysis for the pointing
offset correction is still ongoing.
After the loss of star-camera pointing information on day six, we had to rely on
the coarse sensors to point the gondola. The consequent loss in pointing precision
from 30′′ to ∼ 1′ required us to readjust our flight planning and goals for the second
half of the flight.
5.5.4 Balloon Environment
The altitude of the payload during the flight is reported in Figure 5.15 where the
periodic variation is due to the daily change in elevation of the sun. The thermal
strategy was effective in keeping the temperatures of essential electronics well within
the operational range and the thermal model agreed again substantially with the
flight data. The carbon fiber shield performed as expected making it possible to
point within 45◦ of the Sun. The same figure also reports the temperature variation
of the warm optics and other components throughout the flight.
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Figure 5.15: The top panel shows the altitude of the payload during the flight mea-
sured using the CSBF GPS. Below the curves shown are the temperatures for a some
gondola components including the primary (M1) and secondary (M2) mirrors. They
anti-correlate with the payload altitude. At about day four there is a general rising
trend in temperature resulting from pointing toward regions closer to the Sun. The
loss of the second star camera forced us to observe locations where the coarse pointing
sensors were providing reasonable readings.
5.5.5 Observations
In the ∼16 days of flight we acquired over 300 hrs of data, a summary of the
time spent on each of our objectives is given in Table 5.3. At the moment when this
document is submitted, data analysis is still ongoing and a new optimal mapmaker is
being designed and realized to generate better polarization maps as well as detailed
studies of the beam shape and the polarization signal reconstruction. Preliminary
maps are shown in Chapter 7. These maps, although still preliminary, constitute
a state-of-the-art measurement of the magnetic field morphology in the observed
regions.
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BLAST-Pol 2012 Observations
Distance Size Time Observed Depth (MJy sr−1) No. of B-vectors
Target Type [pc] [degrees2] [hours] 250µm 350µm 500µm
Axehead (in Vela C) Nearby GMC ∼700 12 103.5 1.56 0.95 0.33 8200
Carina Nebula Calibrator (GMC) ∼3000 2 5.68 2.72 1.66 0.58 3500
CG12 Low Mass Cloud ∼550 0.1 1.83 1.07 0.65 0.23 TBD
G331 Calibrator (GMC) ∼7000 2 5.5 3.06 1.86 0.65 4800
IRAS 15100-5527 Calibrator ∼2000-4000 0.1 1.04 1.43 0.87 0.30 TBD
IRAS 08470-4243 Calibrator ∼700 0.1 3.98 0.73 0.44 0.16 TBD
Lupus I Dark Cloud ∼155 1 16.04 1.15 0.70 0.24 200
Puppis Cloud Complex Nearby Cloud ∼1000 0.4 13.30 0.80 0.48 0.17 TBD
Puppis Wide Nearby Cloud ∼1000 113 40.80 7.64 4.65 1.63 TBD
Spearhead (in Vela) Filamentary Cloud ∼700 0.4 1.00 2.90 1.77 0.62 TBD
Vela C Nearby GMC ∼700 3.1 43.03 1.23 0.75 0.26 TBD
Vela C – EL scans Nearby GMC ∼700 1.4 4.00 2.72 1.65 0.58 TBD
Vela C Reference Nearby GMC ∼700 10.3 10.83 4.48 2.72 0.95 TBD
VYCMa Calibrator (Star) ∼1500 0.1 4.93 0.65 0.40 0.14 TBD
Table 5.4: BLAST-Pol 2012-2013 Observed Targets. Vector counts are preliminary and spaced by a 1′ size beam.
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Chapter 6
Data Reduction
The data reduction for BLAST–Pol has closely followed that of BLAST and is
discussed in detail in Pascale et al. [2008], Patanchon et al. [2008] and Truch et al.
[2008]. The processing of the BLAST–Pol data from detector time streams to the
final map product involves several steps prior to map-making, each one designed to
remove artifacts from the data. Many of these steps are run in parallel. The following
summarizes the main stages of the preprocessing leading to time-ordered segments
which are used as inputs for the map-making process. Figure 6.1 outlines the data
reduction pipeline.
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Figure 6.1: A schematic diagram of the BLAST–Pol data reduction pipeline used for
both Antarctic flights.
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Figure 6.2: Measured transfer function for BLAST–Pol. The transfer function used
to deconvolve the bolometers is dominated by the transfer function of the four stage
boxcar digital filter. The sampling Nyquist frequency (50.08 Hz) is marked with a
dashed line.
6.1 Detector Time Stream Processing
The BLAST–Pol dataset consist of 280 bolometer time streams, in voltage units,
sampled at 100.16 Hz. Eight of the channels are used to remove common mode
noise. The first major task is to clean the detector time streams from events that are
sharply localized in time such as cosmic rays, pulses from the calibrator lamp, and
non-physical glitches. About 1.6% of the data from the BLAST-Pol 2012 flight was
removed due to cosmic ray events and electronics glitches. The corrupted data are
replaced with the appropriate white noise level with a slope to cross the gap. The
data are then deconvolved from the low pass filter applied by the readout electronics
(see Figure 6.2). The deconvolution is performed in Fourier space.
After filling the gap, we filter out the low frequency drifts by fitting the data using
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Figure 6.3: The responses of a detectors in the center of the array for each band
to a single cal-pulse event. In BLAST-Pol 2012 these events occurred before and
after each HWPR move throughout the flight and are used to track the variation in
bolometer responsivity.
a 7th order polynomial empirically chosen as a compromise between suppressing the
artifacts and keeping the large scale signals from the sky. The rotation of the HWP
generates discontinuities in the DC level of the bolometers. They are removed using
a common-mode template before filtering the timelines through a high pass filter to
suppress the low frequency (1/f) noise.
Variation in the detector responsivity over the course of the flight must be cor-
rected in order to generate multi-bolometer maps. The calibration pulses are ex-
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tracted from the cleaned bolometer time streams and fit to a template pulse. The
amplitude of the fit is directly proportional to the responsivity of the bolometer and
used to scale the detectors’ response curves during map making (Figure 6.3).
6.2 Post Flight Pointing Solution
In order to generate science maps at each wavelength, the cleaned data are then
combined with a post-flight pointing solution, a complicated procedure for balloon-
born telescopes and described in detail in Pascale et al. [2008]. Post-flight pointing
reconstruction estimates the rotation (attitude) of the gondola with respect to the
celestial sphere as a function of time. It uses only the gyroscopes and day time
star camera [Rex et al., 2006]. The algorithm is based on a similar multiplicative
extended Kalman filter technique used by the Wilkinson Microwave Anisotropy Probe
(WMAP) [Pittelkau, 2001, Markley 2003], modified to allow the evaluation of the
alignment parameters of the star cameras and gyroscopes [Pascale et al., 2008, §11].
This process provides information about right ascension, declination, and rotation
angle at each detector sample.
For the BLAST-Pol 2012 flight, to account for the loss of star camera pointing,
a new way to resolve pointing is being studied and developed that uses only coarse
pointing sensors to reconstruct the pointing in the second half of the flight.
6.3 Flat Fielding and Flux Calibration
Final detector calibrations are needed before the final maps are made. The
bolometers are corrected for relative gain. Flatfielding involves the rescaling of indi-
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Figure 6.4: Power spectrum of BLAST-Pol 2010 maps before (dashed lines) and after
(solid lines) absolute flux calibration using Hershel SPIRE maps.
vidual bolometers in order to produce uniform response across the arrays. It is done
by making single bolometer maps from a known calibrator, usually a point-source
(VYCMa or IRAS 8470-4243) and determining the ratio between detector voltage
and submillimetric flux [Truch, 2007, Truch et al., 2008].
Absolute flux calibration coefficients are obtained by comparing the power spec-
trum from measurements of known regions (measured by other instruments) available
through the flight (i.e. VYCMa, IRAS 8470-4243 both observed in BLAST06 and
by the Hershel SPIRE instrument). We extracted a patch from the Axehead uncali-
brated BLAST–Pol map. The same patch was extracted from the Hershel SPIRE data
set. We then measured the power spectrum of the two extracted regions and used
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(P(k)Hershel/P(k)BLAST-pol) at k=0.1 arcminutes
−1 as the calibration factor. Power
spectra for the calibrated and uncalibrated patch, for a selected bolometer at each
wavelength, are shown in Figure 6.4.
6.4 Instrumental Polarization
Spurious polarization introduced by the instrument, called IP, was characterized
by taking advantage of the fact that celestial sources rotate relative to the telescope
as they rise and set, while instrumental polarization remains fixed relative to the de-
tectors [Hildebrand et al., 2000]. To maximize the signal-to-noise ratio, the luminous
source Vela C was used for this IP calibration. Observations were broken into two bins
(rising and setting) based on the parallactic angle of the source. A synthetic aperture
was defined around bright regions of the intensity map, with low flux regions chosen
for reference. Mean polarization parameters were then calculated for each detector
for both sky rotation bins. These measurements were then fit for source polarization
and individual bolometer IP, holding the mean sky rotation difference between the
two bins as a fixed parameter. The individual bolometer IP terms were then passed
to the mapmaker, which subtract out the IP while binning maps. Final polarization
calibrations is then checked on the source G331.5-0.1, which SPARO found to have
a low, ∼0.3%, polarization near its peak [Li et al., 2006]. BLAST-Pol 2010 maps at
500 µm measured a peak polarization within 1% of SPARO’s reported results, pro-
viding a partial sanity check. At of right now quantitative measurements with the
BLAST-Pol 2012 data were not yet carried out.
At this point maps of the Stoke parameters (I, Q, and U) and polarization vector
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maps can be generated by the use of a map making algorithm described in detail in
Moncelsi et al. [2012].
6.5 The BLAST–Pol Mapmaker
BLAST–Pol uses the polarized na¨ıve mapmaker “naivepol” [Moncelsi et al., 2012],
which creates I, Q, and U stokes parameter maps with a high pass filter at 0.05 Hz to
filter out 1/f noise. This filtering made BLAST–Pol insensitive to large-scale spatial
modes, which cause the map to have zero mean and large regions of the map to have
negative flux. Polarization is usually quantified in percent polarization, which clearly
diverges at an intensity of zero. To account for this, we had to compute differential
measurements between the high intensity point of interest and the mean I, Q, and
U stokes parameters of reference regions chosen for each map. Intensity cuts are also
applied requiring that all reported vectors are in regions of the map with unreferenced
flux of at least 20% the magnitude of the mean flux in the reference region.
The melted filter in the 2010 flight introduced extreme systematic errors. Mean-
ingful statistical error bars do not provide a characterization of the validity of the
data. To gauge which measurements were robust and repeatable we performed six dif-
ferent consistency tests. Three of the test were temporal and based on when the data
were acquired. The other three tests were based on the position of the bolometers in
the array and their IP correction. A vector, to be used, had to pass all 6 consistency
tests. This method was thoughtfully tested for consistency through simulations.
An accurate and detailed description of the map referencing method, consistency
tests, and their testing with simulations can be found in Matthews et al. (in prepa-
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ration)
For the data collected during the 2012 flight a new mapmaker is being developed.
In the meantime the “naivepol” mapmaker is being used and only preliminary maps
have been made to date.
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Chapter 7
BLAST–Pol Maps
We now present a selection of preliminary and unpublished polarization maps of
real data created with “naivepol” [Moncelsi et al., 2012] for both BLAST–Pol flights.
During the 227 hour BLAST-Pol 2010 and 300 hour BLAST-Pol 2012 flights, we
acquired over ∼400 hours of science-quality data. A list of observations made for
BLAST-Pol 2010 and BLAST-Pol 2012 are summarized in Table 5.1 and Table 5.3
respectively. Data collected during the 2010 flight are limited by the effects of the
melted filter. Nevertheless, we were able to detect submillimeter polarization on
degree scales in some targets.
The 2012 results are preliminary, and data analysis is still ongoing. Early results,
such as the polarization map of the Carina Nebula shown in Figure 7.2, are very
encouraging and indicate that the instrument performed well. Combined with new
simulations and statistical tools, the remaining science fields promise to deliver some
exciting results.
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7.0.1 Carina nebula
The Carina nebula, also known as the Keyhole Nebula, has been one of the most
active star-forming regions in the Galaxy. It is an evolved star system located at
` = 287.7◦ and b = −0.78◦ and at a distance of ∼2300 pc, a good laboratory to
study massive star formation. It is powered by UV radiation from 65 O-type stars
and 3 Wolf-Rayet, hydrogen rich, stars including the most massive (100-150 M)
and luminous star in the Milky Way, η Carinae [Kashi and Soker, 2009, Smith and
Owocki, 2006]. η Carinae, along with the associated Homunculus Nebula, is a small,
isolated source near the center of the map. η Carinae is predicted to go supernova
within 106 years.
BLAST–Pol used η Carinae as a primary calibrator. Maps are provided in Fig-
ure 7.1 and Figure 7.2 from the 2010 and 2012 flights, respectively. The BLAST-
Pol 2012 and 2010 maps are compared with polarimetry measurements obtained by
SPARO [Li et al., 2006] and show good agreement. About ∼74 pseudo-vectors were
mapped in 2010 while the 2012 dataset provided more than ∼3500 vectors. The mas-
sive improvement in resolution and number of vectors in this map represents a new
era for submm polarimetry. In addition, the coherence of the vectors along the shock
front (discussed below) provides evidence that the instrument is working well.
We notice that the field lines are not uniform and they follow the curvature of
what could possibly be a bow shock in the region where the stellar wind interacts
with the dust [Ngoumou et al., 2013]. The shock front could trigger gravitational
collapse inside the clump and lead to star formation.
The ionized gas will tend to heat up and therefore expand, resulting in a front
that moves away from the star. The gas beyond the edge of the shock front will
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be compressed in a direction perpendicular to the shock edge. If we are under flux-
freezing condition, the compression will influence the magnetic field alignment forcing
it parallel to the compression front as theorized by Novak et al. [2000]. It can not be
ruled out, though, that the parallelism could be caused by other processes, like mag-
netic tension [Tomisaka, 1998]. We can observe, in fact, how the edge of the bubble
of expanding gas is traced by the intensity map. This bubble is a large supernova
remnant driven by sequential supernova explosions and aligns with the magnetic field
lines. In this scenario, distortions in the ambient magnetic field are caused by the
expanding gas regardless of the existence or non-existence of a compression front,
also predicted by three dimensional numerical MHD simulation [Tomisaka, 1998]. By
running parallel to the galactic disk, the field has the important role of preventing
and decelerating the bubble from expanding in the direction perpendicular to the
field.
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Figure 7.1: BLAST-Pol 2010 submm polarimetry map of the Carina Nebula superim-
posed on Herschel SPIRE 350 µm intensity map (grayscale) and SPARO polarization
vectors (black). Blue, green, and red pseudo vectors show the 250, 350 and 500 µm
inferred magnetic field direction measurements. The reference regions we used for
differential measurements in deriving submm pseudo-vectors are outlined in white.
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Figure 7.2: BLAST-Pol 2012 submm polarimetry map of the Carina Nebula superim-
posed on Herschel SPIRE 350 µm intensity map (grayscale) and SPARO polarization
vectors (black). Blue, green, and red pseudo vectors show the 250, 350, and 500 µm
inferred magnetic field direction measurements. The reference region we used for
differential measurements in deriving submm pseudo vectors is outlined in white. Ex-
tremely evident is the highly polarized shock front generated by the ionized gas, due
to a supernova explosion. The field lines follow the curvature of the shock front. This
alignment can be the result of gas compression or magnetic tension.
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7.0.2 Axehead in Vela
The Vela molecular ridge is of particular interest because it contains all stages of
stellar evolution and it comprises the largest area of the sky viewed in the BLAST06
flight [Netterfield et al., 2009]. The Axehead region is a large cool cloud with little
evidence for recent star formation. It is located at ` = 265.7◦ and b = 1.3◦ and at a
distance of ∼700 pc. Such targets will allow us to study the initial conditions of star
formation in molecular clouds. Maps of the Axehead are provided in Figure 7.3 and
Figure 7.4 for the 2010 and 2012 flights, respectively.
The high IP registered during the 2010 flight produced high systematic errors
in the maps generated. In particular, the vectors at 250 µm did not survive any
of the consistency tests. However, in the Axehead 2012 map we were able to map
∼8200 pseudo-vectors. We can clearly observe good agreement in their directions at
all three BLAST–Pol wavelengths. Since the different wavelengths probe different
temperatures, we are able to observe deeper into the dust probing different kinds
of physical conditions in the molecular cloud. Furthermore, the dispersion in the
polarization angle appears to be extremely low.
The low dispersion in polarization angle could be a strong indication that the
Axehead is an example of a cloud in which magnetic field plays an important role in
the star formation process. The ordered field and low dispersion in field angle agrees
with simulation predictions [Ostriker et al., 2001]. Although an exciting observation,
this result is still preliminary and a more accurate quantitative analysis is needed.
We should not forget that what we are measuring is the projection of the magnetic
field in the plane of the sky. Clouds are complicated 3-D structures, making their
study a challenging process.
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Figure 7.3: BLAST-Pol 2010 submm polarimetry map of Axehead in the Vela molec-
ular cloud superimposed on Herschel SPIRE 350 µm intensity map (grayscale). Blue,
green, and red pseudo vectors show the 250, 350, and 500 µm inferred magnetic field
direction measurements. The reference regions we used for differential measurements
in deriving submm pseudo vectors are outlined in white.
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Figure 7.4: BLAST-Pol 2012 submm polarimetry map of Axehead in the Vela molec-
ular cloud superimposed on Herschel SPIRE 350 µm intensity map (grayscale). Blue,
green, and red pseudo-vectors show the 250, 350, and 500 µm inferred magnetic field
direction measurements. The reference region we used for differential measurements
in deriving submm pseudo vectors is outlined in white. Notice the striking alignment
of the pseudo vectors at all wavelengths, and the extremely low angular dispersion.
This could be an indication that magnetic fields might be the predominant regulation
process for cloud collapse.
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7.0.3 Lupus I
The Lupus I molecular cloud has a number of properties that make it ideal for
studying the early stages of star formation. Located at ` = 265.7◦ and b = 16◦ and at
a distance of ∼150 pc it is one of the closest and best-studied low mass star-forming
regions. It is well separated from the Galactic plane with little confusion along its line
of sight. Recent observations from Herschel highlighted an excess of prestellar and
young stellar objects suggesting that Lupus I is undergoing a star formation event
[Rygl, K. L. J. et al., 2013]. The Lupus I region is dominated by a single large filament
(as indicated by the blue line in Figure 7.6) surrounded by a number of more diffuse
secondary filaments. This morphology provides a good testing ground for comparison
with simulations.
Maps of Lupus I are provided in Figure 7.5 and Figure 7.6 for the 2010 and
2012 flights, respectively. Despite the relatively low number of vectors reconstructed
(∼54 in 2010 and ∼200 in 2012) we can observe that the large-scale magnetic field
is primarily perpendicular to the Lupus I main filament. This results agrees with
previous polarimetry measurements done by Rizzo et al. [1998]. We also noticed that
the magnetic field in the secondary filaments runs more parallel to the local field
direction. This is also in agreement with simulation results of magnetic regulated
models for star formation [Nakamura and Li, 2008].
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Figure 7.5: BLAST-Pol 2010 submm polarimetry map of Lupus I superimposed on
Herschel SPIRE 350 µm intensity map (grayscale). Blue, green, and red pseudo
vectors show the 250, 350, and 500 µm inferred magnetic field direction measurements.
The reference region we used for differential measurements in deriving submm pseudo
vectors are outlined in white.
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Figure 7.6: BLAST-Pol 2012 submm polarimetry map of Lupus I superimposed on
Herschel SPIRE 350 µm intensity map (grayscale) and optical polarimetry vectors
(white) Rizzo et al. [1998]. The reference regions we used for differential measurements
in deriving submm pseudo-vectors are outlined in white. It is clear how the magnetic
field distribution in Lupus I is perpendicular to the main filament, traced by the blue
curve. The perpendicular line at the bottom left traces one of the secondary filaments
which run more parallel to the local field direction.
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7.0.4 G331
G331 is one of the most massive GMCs, locate at ` = 331.5◦ and b = 0.1◦, in the
tangent region of the Norma spiral arm, at a distance of ∼7 kpc. Several observations
have shown the presence of one of the most extended and luminous regions of massive
star formation in the Galactic disk, making it a unique source. BLAST–Pol used G331
as a secondary calibrator. A map from the 2012 flight is provided in Figure 7.7.
The BLAST–Pol preliminary results agree with SPARO [Li et al., 2006]. The
magnetic field lines appear to have very low dispersion and the polarization angles
are generally aligned for all three wavelengths. Furthermore they seem to be following
the molecular gas and are very well aligned with the galactic longitude direction. This
is possibly the consequence of field twisting caused by the rotation of the cloud about
an axis orthogonal to the Galactic plane. Interestingly, at the location of the bright
and hot source in the center of the map, we have low polarization and high dispersion
of the magnetic field. This is probably the signature of high turbulent motion in the
gas.
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Figure 7.7: BLAST-Pol 2012 submm polarimetry map of G331 superimposed on Herschel SPIRE 350 µm intensity map
(grayscale) and SPARO polarization vectors (black). Blue, green, and red pseudo vectors show the 250, 350, and 500 µm
inferred magnetic field direction measurements. The reference regions we used for differential measurements in deriving
submm pseudo-vectors are outlined in white. The field of this GMC seems to be aligned with the galactic plane. However,
the bright center is mostly unpolarized with random field directions, probably the signature of high turbulent flow.
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Chapter 8
Summary
The BLAST–Pol instrument was designed to probe the earliest stages of star
formation by measuring the strength and morphology of magnetic fields within dusty
molecular clouds in our Galaxy. This is extremely challenging from the observational
and theoretical point of view. Submillimeter polarimetry is a promising method
for probing star forming fields, which requires overcoming instrumental challenges,
development of new statistical tools, and more accurate numerical simulations.
We described the important subsystems of the instrument, including the optics,
cryogenic system, bolometric detectors, polarization-sensitive elements, readout elec-
tronics, pointing sensors, and control. In particular, we have focused on the impor-
tance of the pre-flight calibration tests for balloon-borne experiments.
We have detected polarized dust emission from aligned dust grains at 250, 350,
and 500 µm. While the polarization maps produced to date are not yet at the level
required for a detailed statistical study, they allow an estimate of the challenges
that will appear in the analysis of these kinds of observations. The BLAST–Pol
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observations constitute a state-of-the-art submm polarization data set covering the
scales between pre-stellar cores and entire molecular clouds. The maps we have
presented here represent the culmination of years of an intense experimental and
theoretical analysis process and demonstrate the overall success of both missions.
With thousands of pseudo-vectors available, the BLAST-Pol 2012 maps comprise a
particularly exciting dataset for studying the role played by magnetic fields in the
star formation process.
The Carina nebula map, show good agreement with SPARO polarization results.
The highly polarized shock front generated by the ionized gas, due to a supernova
explosion, is extremely evident in the 2012 preliminary map. The alignment of the
field with the compression front is in agreement with theoretical models [Novak et al.,
2000]. The magnetic field distribution in Lupus I is perpendicular to the main fila-
mentary structure which is in agreement with magnetically regulated models of star
formation [Nakamura and Li, 2008]. In the Axehead region, the striking alignment
of the pseudo-vectors at all wavelengths, and the extremely low angular dispersion,
could be an indication that turbulent motions might not be the predominant regula-
tion process for cloud collapse. In G331, evidence for ongoing formation of massive
stars has not been found [Li et al., 2006]. The magnetic field pattern indicates the
field of this GMC is aligned with the galactic plane. However, in the mostly unpolar-
ized bright center, the small number of randomly oriented polarization pseudo-vectors
could indicate the presence of turbulent motions.
The controversy of the role of magnetic fields during star formation is still open.
To date, the complexity of the problem indicates that there is no conclusive observa-
tion or simulation that summarizes all of the important processes that regulate star
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formation. Follow up observations with ALMA, Planck, and the study of molecular
lines (i.e. CO) can be used to integrate this dataset and help to better understand
the dynamics of star formation in these regions and the role of magnetic fields in
particular.
BLAST–Pol, with its two flights, is the forerunner for the design of U¨ber BLAST,
the next generation of this family of balloon-borne submm polarimeters.
8.1 Future Work: U¨ber BLAST
BLAST–Pol results confirmed the potential of submm polarimetry as an important
tool to understand star formation processes and the importance of magnetic fields
therein. Based on the success of BLAST–Pol, NASA approved the funding of a new
telescope. The design and specifications of U¨ber BLAST are driven by science goals,
availability of existing instrumentation, and the practical limitations of ballooning.
Many of the tested and proven systems and software designed for the previous BLAST
flights will be used, however, the cryostat and optics will be redesigned to have higher
mapping speed and a much longer flight time.
U¨ber BLAST will use a 2.5 m aluminum parabolic primary mirror based on the
existing BLAST mirror. The telescope will have a resolution range of 22′′ to 42′′ with
a ∼22′ diameter field of view. The main improvement for U¨ber BLAST will be the
development of new arrays of detectors with forward-looking technology.
U¨ber BLAST consists of arrays of 590, 350, and 165 feeds at 250, 350, and
500 µm, respectively. Each feed has two polarization-sensitive detectors for a to-
tal of 2000 detectors, almost 8 times BLAST–Pol. The detectors are based on the
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leading candidates for future FIR/submm satellite missions, kinetic inductance de-
tectors (KIDs) [Day et al., 2003]. These detectors include built-in frequency domain
multiplexing capabilities (MKIDs), which potentially simplifies fabrication. In par-
ticular, U¨ber BLAST, will use a background-limited “POLEKID” array consisting of
300 mK cooled, feedhorn-coupled, polarization sensitive TiN lumped element kinetic
inductance detectors (LEKIDs), which detects both polarizations in an integrated
pixel [Vissers et al., 2010]. Polarization modulation will be based on the successful
implementation of the broad-band HWP used in BLAST–Pol.
The cryostat receiver will reuse the BLAST low temperature system and will be
approximately double the volume of the BLAST receiver, providing a ∼28 day hold
time for two circumpolar orbits of Antarctica. The gondola and attitude instrumen-
tation will be based on the BLAST design.
U¨ber BLAST will measure the character of the polarized foregrounds at submm
wavelengths on scales from 22′′ to several degrees. Like BLAST–Pol, it will provide
a bridge between Planck and ALMA by linking sky coverage, resolution, and sensi-
tivity. With 32 times the mapping speed of BLAST–Pol and a much longer flight
time, it will enable observations of many more targets at better resolution. Most
importantly, U¨ber BLAST will commit 25% of its flight to “shared risk” observations
with members of the community making the first steps towards “observatory-class”
balloon instruments.
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